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resumo A pesca com cianeto continua a representar uma das principais técnicas 
adotadas para a captura de exemplares de peixes vivos nos recifes de coral 
do Indo-pacífico, mesmo após ter sido classificada como uma atividade ilegal 
pela maioria dos países da região. Incentivada pelo baixo custo dos químicos 
que permeiam este processo, o uso de cianeto (CN-) em recifes de coral de 
como ferramenta de pesca, compromete a integridade funcional e estrutural 
do ecossistema, uma vez que provoca uma mortalidade indiscriminada nas 
espécies alvo desta prática e todos os outros organismos vivos expostos de 
forma involuntária a este tóxico. Efetivamente, o cianeto é um composto de 
elevadíssima toxicidade, alta volatilidade e baixa estabilidade química, o que 
representa um desafio para a compreensão da sua toxicocinética, assim 
como para a caracterização dos processos fisiológicos envolvidos na sua 
detoxificação. Nesse sentido, o estudo de alternativas para deteção de CN- 
em vertebrados encontra-se em constante revisão, tendo em consideração 
que até 80% CN- absorvido pelo organismo poderá ser convertido em 
tiocianato (SCN-) e excretado através da urina. No presente trabalho é 
apresentada uma revisão detalhada das metodologias analíticas atualmente 
disponíveis para deteção de CN- e SCN- e potencialmente aplicáveis à 
problemática inerente à deteção de peixes marinhos ornamentais capturados 
ilegalmente com CN-. É igualmente apresentado um estudo que documenta o 
facto de que o mercado da aquariofilia marinha da União Europeia continua a 
ser abastecido com peixes capturados com recurso a este tóxico nos recifes 
do Indo-Pacífico, tendo esta monitorização sido realizada pela primeira vez 
através do recurso à uma técnica não invasiva e não destrutiva. Tendo em 
consideração as atuais evidências que documentam um aquecimento 
progressivo dos oceanos e que esta ameaça assume um carácter eminente e 
inevitável para as regiões atualmente afetadas pela pesca com cianeto, o 
presente trabalhou avaliou ainda os efeitos inerentes à exposição ao CN- no 
desempenho de natação, metabolismo e estresse oxidativo de uma espécie 
emblemática amplamente distribuída pelos recifes de coral dessa região 
geográfica e intensamente transacionada pela indústria de aquariofilia 
marinha, a donzela verde Chromis viridis. Os resultados obtidos indicaram 
que se após uma exposição sub-letal (25 mgL-1) ao cianeto, a temperaturas 
atuais, já foi possível detetar uma diminuição na capacidade de natação 
seguida do aumento no consumo de oxigênio, quando expostos à uma 
mesma concentração, num cenário de aquecimento oceânico (+3 °C), os 
efeitos deletérios observados foram significativamente potencializados. A 
exposição ao cianeto e o aumento da temperatura da água, foram 
considerados como possíveis fontes de stress oxidativo em C. viridis, 
podendo afetar de forma dramática a resiliência populacional destes 
organismos nos recifes de coral do Indo-Pacifico. Em conclusão é possível 
afirmar que caso a pesca com cianeto não seja efetivamente banida dos 
recifes de coral do Indo-pacífico, os efeitos esperados num cenário de 
aquecimento oceânico serão seguramente catastróficos para um dos mais 
emblemáticos ecossistemas marinhos do planeta. 
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abstract Despite being illegal, cyanide fishing is still one of the most commonly 
employed techniques to stun and capture live coral reef fish in the Indo-Pacific 
region. Encouraged by the low cost of the chemicals employed, the use of 
cyanide (CN-) as a fishing technique causes indiscriminate and high mortality 
on target and non-target species compromising the functional and structural 
integrity of poisoned coral reef ecosystems. Indeed, CN- is an extremely toxic 
compound that displays high volatility and low chemical stability, with the 
study of its toxicokinetics representing a challenging task, as well as the 
characterization of the physiological processes involved in its detoxification. 
The reasons detailed justify why the study of CN- detection techniques in 
vertebrates is remains an up to date research topic. Additionally, it is 
important to highlight that up to 80% of CN- absorbed by a poisoned organism 
can be converted into thiocyanate (SCN-) following its excretion through urine- 
In the present work a detailed review of analytical methodologies currently 
available for CN- and SCN- detection is presented and its potential application 
to the detection of illegally caught marine ornamental fish using cyanide 
poisoning is critically discussed. The present work also reports physiological 
evidences that fish caught by using this illegal practice in Indo-Pacific coral 
reefs are still supplying the marine ornamental fish trade (MOFT) in the EU, 
with the survey performed being the first ever to employ a non-invasive and 
non-destructive approach screening approach. Taking into account current 
evidence documenting the warming of world’s oceans and that this threat 
assumes an eminent and unavoidable character for the regions currently 
affected by cyanide fishing, the present work also evaluated the effects of CN- 
exposure in the swimming performance, metabolism and oxidative stress of 
an emblematic species widely distributed in Indo-Pacific coral reefs and 
intensely traded by the MOFT, the green damsel, Chromis viridis. 
Experimental results revealed that if after a sub-lethal exposure to 25 mgL-1 of 
CN- at 26 °C was already possible to detect a significant decrease in 
swimming capacity, followed by an increase in oxygen demand, when 
exposed to the same cyanide concentration in a warming scenario (+3 ºC), 
the deleterious effects observed were significantly enhanced. Exposure to 
cyanide and the increase in water temperature were also identified as 
possible sources of oxidative stress in C. viridis and that these stressors may 
dramatically affect the resilience of these organisms in Indo-Pacific coral 
reefs. In conclusion, though this work it is possible to state that if cyanide 
fishing is not effectively banned across Indo-Pacific coral reefs, the 
deleterious effects anticipated in the warmer oceans of tomorrow will be 
devastating in one of the most emblematic marine ecosystems of the planet. 
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1.1- Introduction 
Coral reefs are the most-biodiverse marine ecosystem worldwide [1]. Essential for the 
survival of thousands of species, vertebrates and invertebrates alike rely on those areas for 
their most basic biological processes, such as feeding and reproduction. Several species 
use these ecosystems as refuges or travel routes, at least during part of their lifespan. 
Intimately related to local marine biodiversity, coral health is the key for the wellbeing of 
this ecosystem. If the coral is healthy, its associated fauna is abundant and high local 
biodiversity can be expected [2]. Indeed, the goods and services that coral reefs can 
provide to surrounding human communities are paramount for livelihood [3]. From coastal 
protection to the aggregation of cultural, aesthetic and economic values to the area, when 
well-managed, coral reefs can provide food and economical subsistence to whole 
communities that would otherwise face a more challenging way of life [4], [5]. Home to 
the largest coral reefs network worldwide, in 2008 Southeast Asia coral reef services were 
estimated to value up to $ 2.3 billion U.S. per year [3], and according to Elliff, et al. [4], 
these reef services can be expressed as food provision, shoreline protection, erosion 
regulation, biogeochemical cycling, tourism, recreation and the potential for business 
opportunities development.  
When one thinks of coral reefs ecosystems, the Indo-Pacific region can easily be classified 
as the core of marine biodiversity [1]. Birth of several endemic species, route and 
temporary refuge to thousands of others, species abundance on this region drew attention 
to a number of business activities worldwide years ago [6]. The capture of exotic species to 
supply both the ornamental aquarium industry [7] and the live fish food market [8] is one 
of such activities, and has been stablished as one of the main economic activities of several 
Southeast Asia countries since 1970 [9]. Considering that 60 % of Southeast Asia’s 
population lives on the coast and 120 million citizens are directly dependent on local reefs 
for their economical sustenance [3], to support both markets became an interesting 
economic activity among local communities. Consequently, over the last decades, over the 
last decades, one of the most lucrative coral reefs ecosystem services described for the 
Indo-Pacific region is the regular supply of live reef fish to the international marine 
aquarium trade [1], [10]. However, this trade presents several constrains. Unlike freshwater 
species, in which most commercialized fish are already bred in captivity prior to being 
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traded to supply this popular hobby, the marine aquarium trade still overwhelmingly relies 
on the supply of wild caught specimens [11]. Starting in the 1930s in Sri Lanka [11] and 
rapidly spreading among other Indo-Pacific countries, this trade of marine ornamental fish 
is presently represented by a multi-million dollars industry that has steadily continued to 
grow over the last decades [12], [13]. Even with insufficient information about the species 
and number of specimens traded, fish are likely the most important group of species within 
the extensive list of coral reef species traded in the marine ornamentals market, being 
represented by about 1800 different species with an estimated 30 million of specimens 
being commercialized worldwide [6], [11], [14], [15]. Considerable efforts to promote 
sustainability in this industry have been observed in the last decades [16]; nonetheless, the 
marine ornamental trade is still frequently associated to a generalized decline of coral reefs 
[13], [15]. This association is often due to the fact of a countless number of specimens 
being collected in the Indo-Pacific region still being captured through the use of harmful 
environmental techniques, namely cyanide fishing [9], [17] – [19]. In 1997, Barber and 
Pratt, through the International Marinelife Alliance and the World Resources Institute [9], 
have identified both confirmed and suspected areas in the Indo-Pacific where cyanide 
fishing activity had already been adopted. As cyanide fishing is the focus of the present 
work, the geographic identification of such regions is schematically represented in Figure 
1. 
 
Figure 1. Cyanide fishing in the Indo-Pacific. Suspected and confirmed geographical locations for cyanide 
fishing according to Barber and Pratt [9]. Map elaborated in ArcMap v10.5. 
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Cyanide fishing can be defined as an efficient and rapid technique to capture live species 
due to its low cost, efficacy, and very challenging traceability [20], as will later be detailed 
in the present work. 
Widely available in the market, commonly being inexpensive and sold without any special 
regulation [21], sodium cyanide (NaCN) and potassium cyanide (KCN) became very 
popular among fisherman to capture a high number of coral reef species [22]. Fish, lobster, 
sea cucumbers, shrimps and many other coral reef species (with fish representing the 
majority of taxa targeted) are described to be captured by cyanide poisoning in order to 
collect the maximum of specimens as possible and minimize any physical damage during 
capture [21]. Relying on hydrogen cyanide (HCN) capacity to stun aquatic species 
(momentarily impairing their swimming capacity), NaCN (or less commonly, KCN) when 
mixed with water, releases cyanide in its ion form (CN-). Rapidly combined to H+, CN- 
will then originate one of the most toxic complexes for aquatic environments: HCN [23]. 
The toxic effects of cyanide in aquatic species, as well as on the surrounding environment, 
are, without a doubt, extremely severe. By killing the zooxanthellae (the endosymbiotic 
microalgae that allow corals to thrive), cyanide exposure can induce bleaching [24] and, by 
destroying this symbiotic association, this chemical poisoning leaves no gap for corals 
recovery [25]. Cyanide is also very toxic to many other species than the one being target 
ones by this illegal fishing practice [23]. Aiming (mainly) to capture adult specimens 
cyanide can, “accidentally”, poison juveniles and small-sized surrounding species resulting 
in a massive and indiscriminate mortality [8]. It is important to highlight that many 
poisoned specimens remain in the coral area, being frequently re-exposed to HCN during 
the next fishing procedures [22]. According to Cervino, et al. [24], these chemical effects 
on coral and anemones are devastating, independently of the CN- dosage employed. 
Cervino also points cyanide as responsible for a slow acting and long term damage to a 
number of coral groups tested, as it causes death even after a brief exposure. To fish 
species, and depending on the poison concentration used, some die immediately after 
cyanide exposure, while others may die during their recovery, transportation, or even at 
their final destination [22]. 
In the Indo-Pacific, cyanide fishing is employed with two sustain two big purposes: i) to 
supply the live fish food trade, destined to human consumption; and ii) to supply the 
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marine ornamental fish trade (MOFT) for aquarium display. Figure 2 presents a schematic 
representation of the most commonly employed cyanide fishing techniques. 
Figure 2. Cyanide fishing purposes and respective techniques employed using NaCN (Sodium cyanide) and 
KCN (Potassium cyanide) to form HCN (Hydrogen cyanide) solution to stun and capture live reef fish 
species. 
In coral reef areas, by squirting a bottle of a fresh mixture of NaCN and marine water 
directly on the coral reefs crevices, a few fishermen are capable to capture thousands of 
fish from different species with a considerably small effort [22]. This achievement is only 
possible because after being poisoned by cyanide, stunned fish go immediately to the water 
surface, making their capture faster and easier than any other knowing fishing technique 
[17]. It has been estimated that the CN- concentration range inside such bottles can reach 
up to 7347.6 mgL-1 of CN-, considering that fisherman usually spend one tablet of NaCN 
(13 g of NaCN) per liter of seawater [21]. Note that in Vaz, et al. [26], at a cyanide pulse-
exposure trial with a concentration of only 25 mgL-1 of CN- Amphiprion clarkii were 
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already stunned and killed. To supply the Chinese live food trade market, reports from the 
Philippines indicated that 55 gallon of HCN solution have been dumped into the ocean 
close to shore areas for fishing purposes [27]. Typically, in small boats, fisherman visit 
different locations for two weeks, squirt HCN around individual fish or small aggregations, 
capture the maximum of fish possible and place them into maintenance tanks in the vessels 
until returning to dry land [21]. Not being able to precisely control the concentration from 
the squirt bottles (much less from the barrels), about 50 % of exposed fish die in the coral 
reef, while the remaining may flee or be stunned by cyanide [22]. The aquarium fish 
collectors select about 10 % of exposed fish, taking the most colorful species of interest to 
aquarists, while the remaining live fish are left lying on the bottom, may be collected to be 
served as food (to be sold in local markets) or simply left behind for predators [8]. In 
addition, poisoned fish that die during their capture, or in the vessels, and are not ideal to 
sell, can be dried (and then sold for local food markets), may be used as bait (for net 
fishing) or become part of the fisherman family’s next meal [21]. 
To supply the MOFT market, all coral reef fish species can be a potential target species for 
cyanide fishing [17]. However, the emperor angelfish (Pomacanthus imperator), the blue 
surgeonfish (Paracanthurus sp.), and the blue ring angelfish (Pomacanthus annularis) are 
usually the collectors first choice due to their high price in the market [28]. Considering 
the species destined to supply restaurants enrolled in the live fish trade for human 
consumption, the sea bass (Lates calcarifer), rock cod and groupers (Epinephelus spp.), the 
coral trout (Plectropomus spp., Cephalopholis and Variola spp.), barramundi cod 
(Cromileptes alitivelis) and the popular Napoleon wrasse (Cheilinus undulatus) are the 
most targeted species [8]. In 1996, a Napoleon’s wrasse of 40 kg live displayed on the best 
restaurants in Hong Kong, Singapore, Taiwan or China could be sold for up to US$ 5.000 
(including US$245 for the fish lips alone) [8]. According to the same study, the live food 
market was, at that time, expanding from the Maldives to South Pacific Islands (with 
Indonesia and Philippines representing the major suppliers of the fish being stocked live in 
these markets) and from Papua New Guinea to the Pacific Islands, in case of suppliers 
replacement [8]. Napoleon’s wrasse capture was formally forbidden in Indonesia in 1995 
(issued by the Minister of Agriculture decree n° 375/Kpts/IK.250/95 on the Prohibition of 
Napoleon Wrasse (Cheilinus undulatus) Fishing and the Directorate General of Fisheries 
Decree No. HK.330 / Dj.8259/95) and adjusted in 2013 (Decree n° 37 of 2013, by the 
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Ministry of Marine Affairs and Fisheries) [29]. In 2014 this species was listed as 
“endangered” on the International Union for Conservation of Nature (IUCN) Red List, and 
in 2011 the concerns about population declines due to its continued illegal trade remained 
high [30]. Considering this is one of the most famous species commonly and illegally 
captured with cyanide fishing, Napoleon’s wrasse populations are still suffering the 
pressure of a society full of laws but absent of a proper surveillance [30].  
As will be frequently pointed out in this Ph.D. thesis, the lack of sufficient information in 
regards to cyanide (as chemical behavior), as to all subjects related to cyanide fishing 
(including the true status of this activity, countries involved, regulations, species traded 
and the fish market itself), appears to be a trend mark worldwide. With MOFT currently 
being of major economic importance in the cyanide fishing issue [13], the ornamental trade 
as experienced a remarkable increase grew motivated by the high biodiversity observed in 
the Indo-pacific coast [31]. However, prior to explore the fishing trade market behind the 
cyanide fishing and openly discuss about its current constrains, it is relevant to identify 
cyanide sources of environmental contamination, well as to understand the biological 
processes behind the cyanide dynamics inside the organism. 
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1.2- Cyanide sources, contamination pathways and depuration 
processes 
As a natural compound, cyanide can be produced and excreted by a large number of 
bacteria, fungi, algae and plants, having been detected on more than 1000 species of crops 
and plants consumed by humans (highlighting Manihot esculenta) [23]. However, artificial 
sources are the most commonly employed to introduce this toxic into ecosystems [32]. 
Extensively used for manufacture fabrics, plastics, as well as pesticides for predator 
control, cyanide is present in several laboratorial activities, including cyanogenic drugs, 
cigarettes, as well as fires and chemical warfare [33]. Cyanide is also very commonly 
employed at different anthropic operations, such as metal mining, oil refineries, solid waste 
combustion and biological specimens control or indistinct animal capture [34]. Sodium 
cyanide (NaCN), one of the main agents for artificial introduction of cyanide in 
ecosystems, was largely produced worldwide less than 30 years ago [23]. Extensively used 
for gold and silver extraction, Ronald Eisler concluded that until 1991, the United States 
produced up to 98 million kg of NaCN, directing about 80 % of the production to gold 
mining process, while 90 % of the gold mined in Canada was also obtained through NaCN 
use. Eisler also claims that for about 50 years the U. S. Fish and Wildlife Service produced 
NaCN guns (M-44) with the objective to control the coyote local population, and in the 
United Kingdom, NaCN was largely applied to reduce rabbits’ populations and to perform 
cyanide fishing [23]. 
In general lines, cyanide in its free form (HCN or CN-) can be absorbed by aerobic 
organisms through the skin, through inhalation and/or ingestion. Once in the body, cyanide 
is quickly distributed through the blood by bounding with high affinity to an important 
enzyme (cytochrome c oxidase) from the respiratory chain [35]. In vertebrates this process 
may induce tissues to anoxia, followed by asphyxia and death [23], [36]. Fortunately, 
cyanide detoxification is a very rapid process, and according to the cyanide doses used, it 
may allow poisoned specimens to recover [37]. Specifically in fish and mainly through the 
gills, HCN will enter into the bloodstream, will partiality dissociate in CN- and H+ and 
both of its free forms (CN- and HCN), will impair cytochrome c oxidase (COx) by 
inhibiting its normal activity [37], [38]. Cyanide presents a natural and strong binding 
affinity to hemes and heme proteins [38]. Cytochrome c oxidase, by another hand, is 
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identified as a heme-A transmembrane protein acting as a terminal enzyme of the 
respiratory chain, strongly correlated to the ATP production under cellular aerobic 
conditions [39]. By catalyzing the electron transference from the molecular oxygen (O2), 
COx is reducted, generating cytochrome c (CO). Due to the electrochemical process, 
transferred protons will migrate across the inner mitochondrial membrane, with 4 protons 
producing water, with the other remaining 4 protons being translocated from the matrix to 
the mitochondrial intermembrane space (inner), establishing a proton gradient [40]. In 
addition, in order to successfully inhibit the enzyme activity, CN- may preferentially bind 
to porphyrinato iron(III) and ferric hemoproteins in the COx (due to their extreme affinity) 
[38], while HCN may bind to the fully oxidized binuclear COx complex [40]. However, 
even after a century after its discovery, the inhibition mechanisms of cytochrome c oxidase 
by both forms of free cyanide remain unclear [40] – [42]. Some authors refer to cyanide as 
a non-oxygen competitor due to COx inhibition [43], while others classify oxygen and 
cyanide as antagonist compounds [44]. Some lack information persists in what regards the 
rates of cyanide absorption by different tissues. While most authors agree that in fish HCN 
is mainly absorbed by the gills, others claim that this chemical can also be absorbed 
through the intestine [35], but absorption rates by both tissues are still unknown [20]. 
Indeed, no matter the tissue where cyanide will be absorbed, the precise loci of COx 
bounding, or the cyanide form of poison (HCN or CN-), interference in the oxygen 
metabolism of the target specimen will definitely observed due to its high toxicity [20]. 
Shifts on the respiration chain and, in the particular case of cyanide, expressed by 
interferences on the oxygen metabolism are commonly associated to an oxidative stress 
stage that can be triggered by: i) an increase of oxidant generation availability (expressed 
by reactive oxygen species (ROS) levels); ii) a decrease in antioxidant protection; and iii) a 
failure to repair oxidative cell damage [45]. The fight against oxidative stress involves the 
chemical transformation of one of ROS parental forms (superoxide (O)) into water (H2O) 
and is generally evaluated through the differences in activity of the natural antioxidant 
enzymes present in the organism [46]. Metalloprotein under abundant and diverse cellular 
distribution, superoxide dismutase (SOD) represents the first line of anti-oxidative defense 
by accelerating the dismutation of the superoxide radical (O) into oxygen (O2) and 
hydrogen peroxide (H2O2) [45] (as schematically represented in Figure 3). Superoxide 
dismutase will act in combination to catalase (CAT) during phase I of detoxification, with 
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CAT (a heme-containing enzyme also under abundant and diverse cellular distribution) 
being responsible for increasing the rate of H2O2 transformation into water (H2O) and 
oxygen (O2). Following this process, glutathione-peroxidase (a tetrameric enzyme found in 
both selenium-containing (GPx) and selenium-independent forms (GST), distributed along 
the cytosol and in the mitochondria) will share CATs function by transforming H2O2 into 
water solely [45]. With GPx being capable of accelerating the H2O production [47], both 
glutathione forms (GPx and GST) will be evolved in the lipid peroxides detoxification by 
transforming lipid-OOH into alcohols (lipid-OH). Glutathione-S-transferase (GST) is 
usually determined as phase II enzyme of the anti-oxidative process, being represented by 
the total glutathione activity (GPx + GST) [48].  
 
Figure 3. Natural antioxidant defence at the cellular level, including superoxide dismutase (SOD), catalase 
(CAT), glutathione-peroxidase (GPx) and glutathione-S-transferase (GST) activities. 
Oxidative stress is generally followed by an oxidative damage stage, where lipids, proteins, 
and DNA integrity are structurally and functionally compromised [49]. Considering that 
oxidative damage can lead the organism to collapse and may be followed by death, the 
importance of an early oxidative stress diagnosis is paramount [50]. Oxidative stress in fish 
can be, therefore, assessed by examining the shifts in antioxidant enzymes activity (SOD, 
CAT and GST) within those enzymes acting as biomarkers of the organs affected by the 
toxicant agent (e.g., cyanide) [45], [49].  
Biomarkers can be classified into markers of exposure, effect and susceptibility” [51] and, 
by another definition that appears to be more complete as a “functional measures of 
exposure to stressors expressed at the sub-organismal, physiological or behavioral level” 
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[52]. Capable to encompass cellular, genetic, molecular, immunological and physiological 
measurements, as well as offering a complete check-up of the organism, biomarkers can be 
one of the most sensitive self-response indicators that express instantaneously organisms’ 
health conditions under different sources of stress [53]. Widely used in ecotoxicological 
studies as a very helpful tool to predict environmental risks and modeling expected 
consequences on populations [51] for been ideal marks of exposure, according to the 
World Health Organization [52], the biomarkers selected to be evaluated must present 
sufficient relevance and validity for the study trial being performed [52]. This requirement 
aims to refer that only the biomarkers capable of providing information on questions of 
public interest and environmental health (directing appropriate decision-makers), with 
sufficient analytical accuracy, relevance to the study subjects and capacity to be 
generalized to other populations should be evaluated. Those criteria are applied in order to 
avoid invalid inferences and generalizations through a wrong selection of biomarkers, 
which can lead researchers to deliver erroneous risk assessments [52]. In addition, prior to 
the diagnosis, biomarkers results must be interpreted in what regards to be the unique 
biological aspects of the species being surveyed combined with a careful individual 
physiological and clinical examination (considering all particular signs and symptoms) 
[51]. Fish are by far the most popular vertebrate group used in environmental studies, as 
they play a key role in the clarification of toxicants potential risk to aquatic environments 
[54]. Unfortunately, following the lack of information about cyanide absorption 
mechanism in marine fish as already mentioned above, cyanide effects on antioxidant 
enzymes are still poorly understood.  
The process involved in the cyanide detoxification in marine fish is another subject that 
urges to be clarified. Most of what is currently know about the toxicokinetics of this 
chemical comes either from studies on human [23] or freshwater fish [19], within little 
information on cyanide detoxification processes, namely in marine fish [35]. The 
detoxification process is of crucial importance to allow the poisoned organisms to survive 
under environmental conditions with sub-lethal concentrations of CN- [55]. Therefore, 
cyanide toxicokinetics in marine fish remains a priority in terms of research gaps on the 
ongoing efforts to fight cyanide fishing in coral reefs.  
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It is known that in vertebrates the major metabolic product of HCN exposure is thiocyanate 
(SCN-) [35], expressing a conversion rate of about 80 % of the total cyanide intake, and 
following its excretion through urine [56]. Rhodanese, along with a recently identified 
sulphurtranferase enzyme (3- mercaptopyruvate (3-MST)), catalyzes the reaction of 
cyanide with thiosulfate converting CN- into SCN- and sulfite, as soon as cyanide poison 
enters the body [55]. Another indicator for HCN contamination, ATCA (2-
aminothiazoline-4carboxylic acid), has been suggested as a possible biomarker for cyanide 
detection studies [57], although it is only recorded in the blood and in very low 
concentrations [58] (see Figure 4).  
 
  
 
Figure 4. Schematic representation of HCN/CN- detoxifications pathway.   
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In humans and some other vertebrates, as illustrated in Figure 4, other minor cyanide 
detoxification processes have been documented, namely: Fulminic acid (HCNO), later 
processed into carbon dioxide (CO2) and released by osmosis though the gills; and formic 
acid (HCOOH), metabolized as other one-carbon compounds and protein adducts [35]. The 
Department of Animal Science - Plants Poisonous to Livestock - of the Cornell University 
[59], claims that, in Madagascar, the golden bamboo lemur (Hapalemur aureus) is capable 
of excreting cyanide apparently without passing to any chemical transformation. This 
species eats around 500 g of shoots of a local bamboo (C. cf. viguieri) daily, which 
contains 15 mg of cyanide per 100 g of fresh weight, and the large amounts of cyanide 
found in the golden lemur feces indicate its apparent capability to detoxify cyanide straight 
from the digestion phase. Unfortunately, the detoxification mechanisms used by H. aureus 
remain still unknown. It is likely that some portion of HCN/CN- (recently after the 
exposure) may also be released through urine [60]. However, due to the high volatility of 
cyanide, the ability to detect any traces of HCN or CN- in marine fish urine detoxifying 
cyanide through this pathway would be, at least, very challenging.  
So far, due to cyanide high volatility, it is known that free cyanide (HCN or CN-) is a non-
persistent toxicant [23] being rapidly and fairly lost from standing test solutions in which 
fish are held [41]. Displaying a half-life of less than 1 hour in biological fluids, when 
analyzed in other matrices, the analytical values obtained for cyanide recovery are 
generally lower than the concentrations of cyanide that was added [61], [62]. In addition, 
cyanide reactivity also makes it a very difficult analyte to measure [34]. Thiocyanate, on 
the other hand, is considerably more stable then CN- [62] and this stability justifies its 
potential to be a longer-term repository for evidence to reveal cyanide exposure. 
Thiocyanate is a sulfur compound naturally introduced in the ecosystem (by plants; 
biotic/abiotic bacteria through organic matter decomposition, as a defense to microbial 
infections, and from in vivo cyanide detoxification) or artificially, from numerous 
industrial processes (herbicide, insecticide and acrylic fiber production; photofinishing, 
electroplating, corrosion inhibition, dyeing, among others) [63]. Commonly, the analytical 
determination of SCN- involves the reaction of thiocyanate with ferric iron, producing a 
series of colored complexes, usually, spectrophotometric, colorimetric or fluorimetric 
determined. However, it is also known that other elements may interfere in the color 
General Introduction 
15 
development, such as S2-; SO2-3; CN-; C2O2-4; Fe2+; Cu2+; etc. Aiming to separate SCN- 
from interfering ions, chromatography, followed by other visual determinations, became a 
possible tool to identify live fish captured with sub-lethal levels of cyanide [19], [26] as 
will be further stressed in this Ph.D. thesis (Chapter 2).  
In what regards the use of ATCA to trace marine ornamental fish illegally collected using 
cyanide poisoning, one must acknowledge that screening must be performed in the fish 
blood and that this metabolite is only found in very low concentrations [58]; therefore, 
such blood analysis will probably require the fish being screened to be sacrificed (due to 
the small size most marine ornamental fish), which would make this approach not 
supported at all by the MOFT industry [20] (as discussed in this Ph.D. thesis). 
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1.3- Cyanide fishing and the marine ornamental trade  
Cyanide fishing activity was first documented in the Philippines in 1962, spreading among 
other Indo-Pacific countries such as Vietnam, Maldives, Papua New Guinea, Fiji, until 
being adopted by the current main supplier of the MOFT market, Indonesia [9], [13], [22], 
[64]. Until today Indonesia and Philippines, alone, export more than 50 % of the entire 
marine ornamental fish stock annually imported by the European Community and supply 
about 80 % of the USA marine ornamental market. [6], [13]. 
In 2015, Leal, et al [13] determined the most relevant countries associated to the MOFT 
from the European Union (EU) in terms of main importers and suppliers, using an 
economic perspective. A similar market analysis was performed in 2017 by Biondo, et al. 
[65] to Switzerland alone, where the top importers and suppliers of the MOFT activity 
were also identified. Figure 5 overlaps the areas where cyanide fishing were expected and 
confirmed in 1997 [9], and the main current suppliers of the MOFT market in accordance 
to Biondo and Leal studies. 
 
Figure 5. Main exporting countries involved in the supply of marine ornamental fish trade (MOFT) to the 
European Union [13] and Switzerland [65], overlapped to the locations where cyanide fishing is suspected 
and confirmed to occur as detailed by Barber and Pratt [9]. Map elaborated in ArcMap v10.5. 
Responsible for organizing data to support national and regional management of fish 
species subject to international trade, The Convention on International Trade in 
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Endangered Species of Wild Fauna and Flora (CITES) database, is likely inadequate in 
what regards to the current number of specimens of marine fish species traded. Indeed, 
CITES solely surveys/regulates the trade of very few marine fish species by listing them in 
its Appendices [66]. The EUROSTAT (the European Statistical System), on the other 
hand, only provides the economic value of the marine fish traded in the EU without 
identifying traded species neither providing any detail on the number of specimens being 
traded. The information provided from shipment declarations and attached commercial 
invoices of animal products and marine imports has been surveyed for the United States of 
America (USA) [6] and Switzerland [65], but current datasets on ornamental fisheries are 
still limited and impair a complete understanding of this global activity [13]. Nevertheless, 
and even with incomplete trade information, it is known that Indo-Pacific countries, 
mainly Indonesia and the Philippines, are among the top exporting countries responsible 
for the supply of the MOFT worldwide, while the USA and the European Union (EU) are 
still the top importing players in this market [6], [11], [13], [65]. Although a total of 103 
exporting countries can be related to the MOFT market in the EU, Indonesia and USA 
alone accounted for 53 % of all exports to the EU between 2000 and 2011. The other three 
countries ranking in the top five exporting players were the Philippines, Sri Lanka and the 
Maldives, representing 12 %, 10 % and 4 % of trade, respectively. As suppliers of 
Switzerland’s MOFT market, Indonesia comes in first place, represented by 11167 marine 
ornamental fish specimens traded in 2009, followed by Sri Lanka (2179 specimens), 
Singapore (1892 specimens), the Philippines (671 specimens) and the only African country 
in the list, Kenya, with (659 specimens) (see Figure 5). From about 1000 marine 
ornamental fish species traded in 2001 [6], to 2300 different marine ornamental fish 
species internationally traded today [14], the import declarations to Switzerland in 2009 
reported a total of 17637 fish specimens in only one-year evaluation [65], with the MOFT 
market in EU representing an of ~12 million euros per year and 11 million euros in the 
USA (alone) [6], [11], [14].  
In the Indo-pacific, motivated by the ambition to supply the MOFT with the largest 
number of specimens as possible, an overfishing approach is often employed and, as a 
direct result, effective techniques for mass capture, such as cyanide fishing are still 
employed [67]. While compromising the entire ecosystem structure [31], [68], in areas 
where cyanide is fishing is applied a reduction in species richness and genetic diversity 
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(from invertebrates to vertebrates) is also expected to occur [69] and, due to such 
overfishing approaches, the negative impacts of cyanide fishing are likely to be magnified 
[67]. Considering that both pressures (overfishing and cyanide poisoning) will act 
simultaneously in the same geographical area, the intrinsic potential to express cumulative 
deleterious effects are substantially increased in Indo-pacific coral reef areas [70]. In the 
last 3 decades, cyanide fishing has been considered the second most destructive human 
impact in the Indo-Pacific region. By being a non-selective fishing technique (cyanide may 
stun any species) and in addition to the cyanide side effects on the ecosystem [71], Bailey 
and Sumaila in 2015 claimed that cyanide fishing impacts on the Indo-Pacific coral reefs 
are considerable more devastating than blast fishing itself [31]. The impacts of fishing by 
bombing, as well as by natural poisoning, herbicides, pesticides and even by breaking 
corals structures have been openly discussed for the Indo-Pacific region for more than a 
half- century [21], [72], and apparently, among all, cyanide fishing remains the most 
efficient and “unstoppable” technique to capture live coral reef fish. Considering that 
bombing was legally forbidden in the Komodo National Park, Indonesia, in the early 
1980s, and that the highest number of bombing inside the park was recorded in 1993 [21], 
it becomes easy to understand how the fishing legislations are largely ineffective in one of 
the main exporting countries of marine ornamental fish. If a strong surveillance is not 
applied in fishing areas, less scrupulous fishermen are not afraid to infringe the law. 
Furthermore, the use of herbicides and pesticides is very easy to detect, once the areas 
where they have been applied become a “field of death” (with apparently no fish available 
for months) [21].  
Cyanide fishing is illegal in Indonesia since 1985 [21], but NaCN possession on the vessels 
is permitted for fish “tranquillizing purposes” [8]. This type of contradiction is found even 
in scientific publications, as many researchers suggest that cyanide fishing is no longer 
adopted by Indo-Pacific fishermen [67] and some even claim that this activity has been 
completely stopped around 1997 [21]. It is therefore difficult to understand how fish could 
display physiological symptoms of being caught using cyanide poisoning without being 
previously poisoned [9], [19], [73]. Despite cyanide fishing being an illegal practice in 
most Indo-Pacific countries, with the majority of them presenting specific legislation and 
regulations for the use of cyanide (see Figure 6), important MOFT suppliers, such as Sri 
Lanka, remain without proper regulation on this destructive fishing practice. 
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Figure 6. World countries without or with unknown information on legislation regulating cyanide fishing 
and countries with specific laws related with this topic [74] overlapped to the locations where cyanide fishing 
is either suspected or confirmed to occur as identified by Barber and Pratt [9]. Map elaborated in ArcMap 
v10.5. 
Indeed, among the countries evaluated in 2014 [74] only Eritrea, Haiti, Kiribati and one of 
the top MOFT suppliers, Sri Lanka (as already referred), did not present information or 
specific legislation for the use of cyanide for fishing purposes. All other countries 
(Australia, Fiji, Indonesia, Maldives, Philippines, Papua New Guinea, Tonga, USA, 
Vanuatu, and Vietnam) were cited in the Dee, et al. [74] work, as properly regulated to 
fight this illegal practice. To the best of the authors’ knowledge, the biggest challenge for 
effectively stopping cyanide fishing in the Indo-Pacific is the absence of proper 
information (including reliable reports about the use of this fishing activity) and effective 
surveillance. Erroneous and insufficient information keep the cyanide fishing issue illusive 
and blurry, as poor or absent governmental surveillance projects a suitable resource 
management for the general public. In the Indo-Pacific, organisms from nearly all trophic 
levels are collected daily, which makes their identification an exceptionally challenging 
[74]. Most of the data about the ornamental local fish trade (including stock and fishing 
methods) relies on the fishermen’s words [8], [21], [64], [67]. Indeed, even countries with 
higher management and enforcement capacity, such as countries in the EU, the 
Switzerland and USA, do not present ideal data assessments policies to monitor the trade 
of marine ornamental species [6], [13], [65], [74]. The absence of surveillance in Indo-
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Pacific countries for cyanide uses has been previously discussed by Calado, et al [18], 
along with the existence of challenging regulations in the USA to effectively fight cyanide 
fishing (due to potential Lacey Act violations). As an example of such challenges, in the 
USA, if a screened fish tests positive for being captured using cyanide poisoning, the 
testers could expose themselves to liability for indirectly engaging in an illegal act [18].  
In this “cyanide fishing world”, another threat lurks in the near future of Indo-Pacific coral 
reefs: climate change. Unavoidably impacting all types of ecosystems, both terrestrial and 
marine, several studies have already addressed the potential effects that seawater 
temperature increase may have in fish [75] – [78]. The following section addresses the 
combined effects of cyanide fishing on coral reef fish in the warming oceans of tomorrow.  
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1.4- Cyanide fishing in a warming ocean 
Coral reefs, as any other ecosystem on the planet, present a peculiar natural balance among 
their species composition and the surrounding environment [79]. However, more than in 
any other ecosystem, this natural balance is under a very severe threat [80]. This threat is 
explained by two main reasons: i) anthropogenic activities being more intense in coastal 
areas than in the inner regions of continents; and ii) coral reefs biodiversity being very 
sensitive to environmental shifts [80]. 
Due to coral reefs sensitivity to surrounding environment changes, their ability of 
adaptation is frequently on check. Under frequent natural and artificial selections, corals 
are capable to adapt by expanding their colonies and replacing damaged areas and often 
stimulate their reproduction [81]. However, as in any other ecosystem, coral reefs growth 
is also time dependent [82]. In addition, several points can impact the health of coral reefs, 
such as water quality, extreme climate shifts, amount/quality of food locally available and 
the ecosystem uses [83]. Corals are highly sensitive to water quality, with small changes in 
the pH and/or in water temperature triggering potentially catastrophic events [84]. Ocean 
acidification and the increase of seawater temperature expected for the next decades under 
climate change scenarios, can dramatically modify coral reef species composition and 
associated fauna [85]. The change in species number can prompt species themselves to 
other big ecological events, such as niche changes, migration, speciation or even extinction 
[86]. When associated to expected global stressors, such as ocean warming, the effect of 
existing pollutants in the ocean can be magnified [87]. 
Very likely, anthropogenic activities in association to the increase in concentration of 
atmospheric gases, such as carbon dioxide, methane, nitrous oxide, among others, are the 
dominant cause of temperature increase experienced worldwide in the last decades [88]. 
Moreover, the effects of climate change lead to intense modifications in all biological 
systems, continents and across oceans [84]. In what regards to IPCC predictions to the 
ocean global warming scenario, extreme precipitation events and heat waves formation 
will become more frequent and will last longer, as the ocean continues to warm, acidify 
and sea level to rise [85]. As a direct consequence, a gradual decrease in phytoplankton 
populations will reduce the availability of nutrients along food chains, followed by an 
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expectable disruption on many species ecological niche, reproduction and migration cycle 
[85].  
Concerning global warming, marine organisms may be able to adapt to their new 
environmental conditions in a relatively short period of time [85]. However, in the Indo-
Pacific region the real challenge is how all modifications resulting from climate change 
will impact an environment that is already under the action of so many stressors. 
According to the IPCC (2014), by 2100 the global surface will warm in a range between 
0.3 to 4.8 °C while the ocean’s surface can reach a 4.0 °C temperature increase [88]. 
Cyanide toxicity effects on fish are strongly related to their swimming activity [37], with 
thermal stress also severely affecting their swimming ability [89]. Until cyanide starts to be 
processed by poisoned fish, these are completely incapable to swim, with such effect 
lasting over a period that is dependent on CN- dose usage and exposure time [26]. A 
deleterious effect on species that are unable to migrate can also be predicted [90]. 
Stimulated through their intrinsic temperature tolerance, and considering that at high 
temperatures a drastic decrease on the efficiency of fish swimming is expected [89], heat-
tolerant species should expand northward, while less tolerant species should retreat, 
eventually leading to their demise or speciation [85]. In addition, in the warming scenario, 
a reduction of the phytoplankton abundance and a significant calcium dynamics decrease is 
strongly expected [91]. Considering the coral reef fish specimens has on the phytoplankton 
their main source of nutrition and in the coral physical structure, their principal refuge and 
area for eggs deposition, the future perspectives of those effects are also very unpleasant 
[92]. 
Coral bleaching predicted to the coral reefs ecosystems are, very likely, one of the greatest 
threats to Indo-Pacific coral reefs. Wherever cyanide fishing activity is detected, coral 
bleaching effects can certainly be expected to occur [24] and if in case of prolonged 
temperature increases the zooxanthellae is only expelled from their associated coral 
(leaving, at least, a small gap for bleaching recovery [93]), with cyanide fishing the 
disruption of the symbiotic association may be permanent and impair any potential 
recovery [37]. If coral reefs are currently facing a range of serious anthropogenic threats 
that may significantly shift their ecological balance (consequently reducing their capacity 
to deliver essential ecosystem services) [25], under an ocean warming scenario the severity 
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of such impacts may be considerably magnified. Large-scale coral bleaching is already 
being experienced over the last decades in the Indo-Pacific region [94], [95] and, 
consequently, massive impacts in their associated flora and fauna have already emerged 
[70], [96]. Such shifts may only be enhanced if thermal stress and cyanide poisoning 
continue to impact such endangered ecosystems and may ultimately push coral reefs 
ecosystems beyond a point-of-no-return. 
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1.5- Research questions and general goals 
Considering that cyanide fishing was first reported in 1962 as a devastating fishing 
technique, despite all efforts, this illegal activity continues to harm Indo-Pacific coral reefs. 
In order to make the fight on cyanide fishing more effective and improve our perception of 
this illegal activity in the warming oceans of tomorrow, the following questions arise: 
1) Considering that the production of SCN- is the major detoxification pathway for CN- 
poisoning, can cyanide caught-fish be identified through SCN- detection? Is there any 
currently available and reliable methodology to identify cyanide caught-fish? Can this 
detection be performed in a non-invasive and non-destructive way? (Chapters 2 and 3) 
2) Is there any reliable physiological evidence that cyanide caught-fish are still being 
traded by the marine ornamental industry? (Chapter 3) 
3) Can pulse-exposure to sub-lethal concentrations of cyanide shift coral reef fish 
intrinsic abilities, such as swimming and respiration rates? (Chapter 4) 
4) Can cyanide poisoning trigger physiological shifts in coral reef fish species by 
inducing oxidative stress? (Chapter 5) 
5) Can the effects of cyanide poisoning in coral reef fish be magnified by ocean 
warming? (Chapters 4 and 5) 
6) How can cyanide fishing be stopped in the Indo-Pacific? (Chapter 6) 
Despite the constraints surrounding the cyanide fishing problematic, as outlined above, the 
aim of this thesis is to increase our understanding on the potential use of non-invasive 
methodologies currently available to identify cyanide caught-fish and better understand the 
potential effects that cyanide poisoning may have on coral reef fish species in a warming 
ocean. 
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1.6- Thesis outline 
This Ph.D. thesis is composed by a general introduction (Chapter 1), four research 
chapters (Chapter 2-5) and concluding remarks with future perspectives by the author on 
the topics addressed in the present work (Chapter 6). Chapter 2 illustrates a review of 
methodologies currently available for cyanide and thiocyanate detection and discusses 
innovative techniques with potential for future applications to fight cyanide fishing. 
Chapter 3 presents the first ever survey monitoring the marine aquarium trade in the EU 
for the presence of physiological evidence consistent with cyanide poisoning in live reef 
fish. Chapter 4 provides a detailed analysis of an emblematic coral reef fish, the green 
damsel Chromis viridis swimming activity after enduring a sub-lethal exposure to cyanide 
poisoning and sheds light on the potential effects that this poison may have on coral reef 
fish swimming ability under a higher seawater temperature (as foreseen on climate change 
scenarios predicted by the IPCC [88]). Chapter 5 presents the oxidative stress response in 
Chromis viridis by monitoring SOD, CAT and GST activities in specimens pulse-exposed 
to a sub-lethal concentration cyanide, under present day thermal conditions of Indo-Pacific 
coral reefs and those foreseen to 2100 [88]. Chapter 6 integrates the conclusions of 
Chapters 2-5 and frames them within current fighting methodologies adopted by Indo-
Pacific countries against cyanide fishing, while also providing recommendations for future 
efforts in this research field. 
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2.1- Abstract  
Cyanide fishing is an illegal technique employed by a number of countries in southeast 
Asia to capture live coral reef fish. Despite all efforts already promoted by the scientific 
community to develop a suitable toolbox that may allow the detection of these illegally 
collected fish, to date no method is yet portable and reliably accurate to detect, in real time, 
either cyanide and/or thiocyanate using a non-invasive and non-destructive approach in the 
fish (e.g. surveying natural and/or synthetic saltwater employed to stock the fish). 
Analytical methodologies able to determine free cyanide (HCN or CN-) and derived 
metabolites (e.g., thiocyanate - SCN-), are constantly under revision, mainly because 
cyanide detoxification is a high-speed biological process that requires a prompt analysis to 
avoid erroneous results. In this work we present a critical overview of the most recently 
available methodologies to detect cyanide and derived metabolites, highlighting those that 
hold the potential for detecting live reef fish illegally collected through cyanide poisoning. 
Through this overview we aim to outline the needs and current constraints for the 
development of more suitable analytical techniques that may contribute to the enforcement 
of a more effective ban of cyanide fishing in coral reefs. 
 
Keywords: Live fish trade, cyanide fishing, marine ornamentals, thiocyanate, cyanide 
detection, thiocyanate detection and cyanide excretion. 
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2.2- Introduction  
Cyanide occurs naturally in a range of different ecosystems, as several bacteria, fungi, 
algae and plants actively produce this compound, including a number of crop and food 
plants [1]. Cyanide can also be artificially introduced into the environment as a direct 
result of a range of human activities, such as mining [2] use of pesticides [3], drugs and 
cigarettes production [4]. Artificial contamination is the most common scenario in the 
marine realm, where man continues to employ one of the most destructive fishing practices 
recurrently employ this toxic – cyanide fishing [5]. Diverse as its use, many different forms 
of cyanide are found in nature, including metal associations (metallocyanide complexes), 
nitriles (synthetic organocyanides) and free cyanide (represented by the ion CN- or its 
combination to hydrogen HCN) [6]. Free cyanide (CN- or HCN) in aquatic environments 
are usually obtained through sodium cyanide (NaCN) or potassium cyanide (KCN) 
dissolution in water, which also occurs due to the cyanide fishing practice in freshwater 
and saltwater environments [5], [7]. Regardless of its origin, free cyanide is always the 
primary toxic chemical compound acting as the direct agent of poison contamination in 
aquatic systems [1], [8], [9]. 
Widely used practice for capturing live reef fish into Indo-pacific coral reefs, cyanide 
fishing was first practiced in 1962 in Philippines [5] and rapidly spread among neighbor 
countries as Cambodia, Indonesia, Laos, Malaysia, Philippines, Singapore, Thailand and 
Vietnam. Cyanide fishing still remains an enormous threat to all Indo-pacific coral reef 
areas [8], [10]. Classified as a very destructive technique, not only for the captured fish but 
also to the entire coral reef associated [11], 15 years ago was estimated that only 6,7% of 
Indonesian and 4,3% of Philippines coral reef areas remained in excellent environmental 
conditions [12]. Considering that over 1 million kilograms of NaCN have been used in 
Philippines from 1960 to 1998 [5] and regarding the CN- high toxicity potential to all 
biological communities evolved, it is easy to imagine the proportion of this fishing practice 
damage in those regions.  
Peter J. Rubec and Vaughan Pratt et al., in [5] and [13], respectively, were the pioneers to 
detailed the enormous ecological treat behind the cyanide fishing activity. Mainly after 
those publications the fight against cyanide activity reached global proportions, garner 
followers inside the scientific society worldwide. As will be detailed later on in this work, 
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the seek for methodologies capable to identify specimens captured through cyanide fishing 
were, since the early beginning, their research fighter biggest challenge. Few years after 
first scientific publications, the destructive environmental effects triggered by cyanide 
fishing activity became an international governmental concern, and the proposition of 
effective actions to stop these damages were, now, urgent. Through the release of 
International Governmental Guide Reports [14] – [16] and non-profit organizations [16], 
[17], the scientific society were largely stimulated to research and publish in this field, and 
finally, in 2008, at the Monitoring of International Trade in Ornamental Fish by the 
European Commission [18], a regulation document to the International Ornamental Trade 
Industry was proposed. In addition, because of the negative propaganda of cyanide fishing, 
around same time, most of the Indo-pacific countries proposed compensation benefits for 
the adoption of replacement techniques for this activity; as the Only-Net Fishing Program 
(proposed at WCMC 2008), the Bureau of Fisheries and Aquatic Resources with the 
Philippines government [17] and restrictions to the fishing activity; as the Napoleon wrasse 
(Cheillinus undulatus) fishing restriction in Indonesia, at 1995 [19]. Governmental 
incomes to advertise local coral reef tourism and promote citizens ecological education 
were also stimulated and the expected profits advertised with the end of this destructive 
technique were very high [17], [20], [21]. Unfortunately, despite all efforts, the aim to 
banish cyanide fishing from the Indo-pacific reefs had demonstrated not to be enough. The 
Ornamental certification proposed in 2008 was considered a very challenging task [22] and 
its implementation has not succeeded.  
The absence of specific marketing regulation laws, the inefficient local police surveillance 
and punishments for the fisherman and final byers caught in the act, associated to all 
cyanide fishing advantages mentioned above, maintained this practice alive [23], [24]. 
Moreover, until today the local population evince to be aware of the cyanide ecological 
consequences to coral reefs, however, still demonstrating a lack of fundamental 
information about the chemical consequence to human health and to the specimens 
captured [22], [25], [26]. Without effective tools to fight against cyanide fishing this topic 
remains wide in recent research, as emphasized by relative recent research [26] – [28].  
As well documented in Mak et al. [25], cyanide fishing still is the number one technique 
used for coral reef fishing due to its low cost and high effective results presented. Sodium 
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cyanide (NaCN), or eventually, potassium cyanide (KCN), when in association with water, 
releases CN- anion that is rapidly combined to H+ and the final result is nothing less than 
the most toxic cyanide complex for aquatic environments: HCN [1]. Through the gills, 
HCN will enter into the fish circulating system and spread very fast to all other tissues. 
Once inside the body, HCN will dissociate and re-associate with the oxygen chain, 
impairing cytochrome oxidase to perform its regular activity [8]. The oxygen inhibition is 
sufficient to stun the target fish, leading the animal to the surface and allowing its easy 
capture [25]. Largely available in the market and usually sold for a cheap price (without 
regulation), NaCN, as KCN, became very popular among fisherman to capture a higher 
number of fish species at once. In addition, with cyanide fishing being associated to a rapid 
detoxification process, its traceability becomes a very challenging task [29]. To all 
vertebrates, through the rhodanese enzyme, CN- will be converted into thiocyanate (SCN-) 
and excreted via urine in a considerable short time [30]. In 2010, Emuebie et al. [31] 
identified another sulphurtransferase named 3- mercaptopyruvate (3-MST), in different 
species of freshwater fish (Tilapia zillii, Sarotherodon galilaeus and Oreochromis 
niloticus) concluding that both sulphurtransferases, (rhodanese and 3-MST) are evolved in 
the HCN detoxification mechanism. This detoxification process promotes protection and 
physiological conditions for the organisms to survive under environmental conditions 
contaminated with sub-lethal concentrations of CN-. In saltwater fish, when compared to 
freshwater species, CN- detoxification should be longer in time, but to Amphiprion clarkii 
pulse-exposed to two CN sub-lethal concentrations, was not longer than 90 days [32]. 
Furthermore, considering that cyanide caught fish are immediately placed in clean 
saltwater for depuration after being captured [5], the need of a rapid analysis is reinforced, 
otherwise when they arrive to their final destination no traces of cyanide or its derived 
metabolites may be found. 
Until today, no technique has been proven to be ideal for screening cyanide caught-fish 
(focus in cyanide itself or in its sub compounds) [26]. The detection limit range achieved 
by the techniques currently available seems not to be sufficient, and in regards the fish 
integrity and wellbeing, in addition to the analysis time consumed to obtain a final result, 
the information above is considered reinforced. Thus, cyanide fishing subject still has room 
the proposal of innovative methodologies to identify cyanide caught-fish motivated by the 
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need to effectively stop the devastating environment consequences carried out by this 
illegal activity.  
In this work we present an overview of the current available techniques for cyanide and/or 
thiocyanate detections, that in our opinion could be straight applied or have potential for 
future development to ideally detect cyanide caught-fish. A detailed presentation of the 
selected methodologies is followed by a punctual discussion about the methodologies core 
(predominant methodological influence adopted), the compound investigated (if exclusive 
for CN- or SCN- detections, or capable to measure both components) with their respective 
detection limits, and the sample matrices analyzed (freshwater, saltwater, blood, e.g.). In 
addition, a closer look on the two techniques today available and, thus, more suitable to the 
cyanide fishing study case will be presented (Figure 7). Finally, at the ensuing section, a 
comparative table Table 1 reinforcing all pros and cons of all techniques here cited, as a 
chart with the dominant methodology approach adopted Figure 8 will guide the final 
discussion. With this work we aim to stablish a guide outline to lead to new strategies and 
propositions of reliable methodologies to fight in a more suitable way against cyanide 
fishing.  
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2.3- Currently available methods to detect cyanide and/or thiocyanate 
with potential applications on the fight against cyanide fishing 
2.3.1. Selection of methodologies 
The high toxicity of cyanide cyanide attracts a worldwide attention by researchers in order 
to create even more efficient methods to detect this compound in a range of different 
sample types. However, there are a number of classical techniques and fields already 
explored for many years, such as: Chemiluminescence [33] – [36], Electrochemical [37] – 
[41], Electrophoresis [42] – [46], and Titrimetric [47] – [49], to name a few [9], [26]. To 
the best of the authors knowledge, few reviews fully dedicated to detection methodologies 
of CN- (and even fewer to SCN-) have been published since Mak’s work in 2005 [25]. In 
2010, Dasgupta, et al. [9], and most recently Jackson & Logue in [26], presented a review 
specifically addressing cyanide detection. In our opinion, even presenting a great overview 
about CN- detection, in Dasgupta and Logue works, a trend line for their application into 
the cyanide fishing scenario (as presented by Mak, et al. [25]) are not easy identified. The 
present work specifically addresses techniques that may hold a potential application to 
combat cyanide caught-fish and that have been developed in the most recent years. Starting 
from 2010 up to 2017, and surveyed from June 2016 to July 2017, (See Supplementary 
Table 1) for a detailed description of the search engines and terms used), all detection 
methodologies available for determination of CN- and SCN- concentrations were selected 
with the following questions being answered in each one of them: 1) Was the detection of 
CN- and/or SCN- performed through an innovative methodology?; 2) Did the detection of 
CN- and/or SCN- rely on a non-invasive/non-destructive approach?; 3) Can the detection of 
CN- be performed in a short time through the employment of a simplified methodological 
analysis?; 4) Does the detection technique used to monitor CN- and/or SCN- hold the 
potential to be applied outside lab facilities?; 5) Are detection limits for CN- within the 
range of concentrations mentioned by Vaz, et al. [77] for cyanide fishing in the Indo-
Pacific area (averaged at 1400 mgL-1 accordingly to [86])?; and 6) Are the detection limits 
for SCN- in accordance to the excretion levels described by Vaz, et al. [32] (in the range of 
µgL-1)? . Only the works capable to positively answer a minimum of two of these 
questions were subdivided accordingly to their predominant methodological influence area 
to be present in this essay. In regards to the works predominant methodological influence, 
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it is important to understand that for CN- and/or SCN- determinations different techniques 
can be combined in order to enhance the accuracy of results. For an easier interpretation, 
all techniques identified in the works selected (Colorimetric, Fluorimetric and/or 
Spectrophotometric, and Spectrometric, Amperometric and/or Chromatographic) will be 
presented under five distinct categories, in regards to their main predominant methodology 
influence, as: A) Colorimetry, and Fluorimetry; B) Spectrophotometry; C) Spectrometry; 
D) Amperometry; and E) Chromatography. For each work selected a brief description 
containing the element analyzed (CN-, SCN-, or both), their applied techniques, the ions 
tested in order to exclude possible results interferences, as their achieved detection limits, 
are presented and summarized at the Table 1. 
2.3.2. Methodologies general definition 
Colorimetric methodologies are mainly used to measure the concentration of colored 
compound in a sample solution. With a very similar principle, the Fluorimetric 
methodology measures the intensity of fluorescence of the chemical compound after the 
absorption of radiation with adequate wavelength, whereas Spectrophotometry measures 
the intensity of the light that a sample reflect or absorb at a specific wavelength. 
Spectrometry techniques rely on the measure in which wavelength of the sample object 
absorbs and reflects light. Therefore, to measure the ions in a solution, Amperometry 
methodology uses direct current, in where the analyte is oxidized becoming a candidate for 
amperometric analysis. Chromatography can be behind both detections procedures and are 
performed mostly by high-performance liquid chromatography (HPLC) equipment’s. 
Through the separation of substances, an in regards to the detector used, an image with 
different patterns and peaks will be generated (chromatogram) allowing the identification 
of specific analytes through their retention time and peak area. 
A) Colorimetry and Fluorimetry  
Following up these principles, as above described, a new probe for CN- determinations is 
proposed by Lingliang, et al. [50]. In this work a fluorescence response from the 
interaction between CN- and the Probe 1 (synthetic compound produced from 4-
diethylaminosalicylaldehyde, diethylmalonate and 7-diethylaminocoumarin, in the 
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presence of DMF and POCl3) with the emission wavelength shift from 570 nm up to 608 
nm is performed. The detection limit obtained for CN- was 6.2 µgL-1 (0.24 µM) and the 
anions tested to confirm Probe 1 selectivity (F−, Cl−, Br−, I−, HSO3− , CH3COO−, ClO4−, 
H2PO4−, HCO3−, NO3−, and SCN−; at 90 µM concentration) caused nearly no interference 
in the CN- detection. According to the authors, Probe 1 successfully detects CN- in natural 
water samples thought fluorescence ratiometric analysis (when the I570 ratio decreased, 
the I608 increased). The authors claim that the fluorescence performed imaging tests in 
living cells demonstrated that is possible to monitor the effect of CN- in biological 
samples. Besides the great number of detection techniques, the use of fluorescence is more 
attractive due to its simplicity, sensitivity and potential imaging and analysis in vivo. 
Therefore, the authors claim that the combination of fluorimetric and ratiometric 
measurements can deliver better results, since the ratio between two wavelengths as signal 
detectors provides a more accurate analysis as well as much lower detection limits then 
other fluorimetric techniques. 
Another colorimetric and ratiometric fluorescent probe, based on dipyrromethene boron 
difluoride (BODIPY), for CN- detection in tetrahydrofuran-water (THF) is proposed by 
Yanhua Yu, et al. [51]. In their work, a Probe 1 (containing a dicyanovinyl group as 
sensitive unit) was synthetized and the probe sensing properties though (CN-, F-, Cl-, Br-, I, 
ClO4-, AcO-, NO3-, H2PO4-, HSO4-, S2- and N3-) (40 µM) were tested. As results, only CN- 
reacted with the dicyanovinyl moiety, originating a blue shift of absorption (497 nm to 515 
nm) and fluorescence emission (514 nm to 534 nm) spectrum maxima. The author obtains 
a linear relationship between the ratio of both peaks and the cyanide concentration, either 
for absorbance either for fluorescence intensity. Their detection limited achieved, 49.04 
µgL-1 (of 0.98 mM). 
Similar approach based on BODIPY reaction was performed by Sukato, et al. [52], where 
the authors demonstrate that the proposed green fluorescent salicylaldehyde-BODIPY 
probe was capable to present results for cyanide detection. In this work the achieved 
detection limit was equal 22.8 µgL-1 (0.88Mm) for CN- measurements. Their synthetic 
probe, GSB, was composed by I-BOD (4-iodobenzaldehyde) associated to ethynyl-2-
hydroxybenzaldehyde, bis(triphenylphosphine)palladium, dichloride, Cul and PPh3, and 
THF water was used as the organic solvent. To evaluate the GSB sensitivity a solution of 
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GSB 10 µM upon addition of 500 µM CN− in DMSO and 1500 µM ion concentration, the 
fluorescence of the proposed probe was tested. Their obtained results demonstrate a ratio 
reduction only for CN− and SCN− interactions., similarly to Yanhua Yu, et al., [51] where 
the ions (CN−, AcO−, F−, Cl−, Br− and I−) were used to determine GSB interferences, 
followed by the anions (SCN−, HCO3−, NO2−, NO3−, S2O32−, SO32−, SO42− and N3−). 
Yanhua’s work do not report significate values for GSB selectivity, and the authors claim 
that GSB probe had demonstrated strong fluorescence intensity in aqueous buffer system, 
suggesting this methodology can also be applied for CN− measurements in freshwater. 
Therefore, Yutao Yang. et al. [53] synthetized a new compound through the condensation 
of 2-hydroxy-1,3,5-benzenetricarbaldehyde with 1-methyl-2,3,3-trimethyl-3H-indolium in 
ethanol. This compound in presence of CN- and irradiated with a wavelength of λex = 350 
nm give rise to a fluorescence radiation with a wavelength of λem = 496 nm. The detection 
of CN- levels was possible even in presence of other anions, such as F−, Cl−, Br−, NO3−, 
HSO3−, SCN−, S2O32−, AcO−, CO32−, SO42−, ClO4−, HS−, HCO3−, and Cys, in which only 
CN- presented a blue-green fluorescence color (2 µmolL-1 Probe upon 8 µmolL-1 CN− and 
2 µmolL-1 tested anions). The detection was completed with 2 minutes and they achieved a 
detection limit of 1.17 µgL-1 of CN- (45 nmolL-1) in DMSO solution. 
Karunesh Keshav, et al. [54], proposed a highly selective optical and reversible dual-path 
chemosensor for cyanide detection in live mouse fibroblast cells. This method uses a 
biocompatible colorimetric and fluorescent receptor, synthesized (receptor 1) by 
conjugating diaminomaleonitrile (DMN) with a benzothiazole unit. The anion sensing was 
determined fluorometrically in DMF water due the low solubility in water presented by 
receptor 1, with receptor 1 (1×10−5 M) upon tetrabutylammonium (TBA) salts for the 
anions F−, Cl−, Br−, I−, HSO4−, NO3−, CH3COO−, and CN−(1×10−4 M). The emission profile 
of the receptor 1 showed a weak emission at 517 nm upon excitation at 450 nm. However, 
upon addition of CN−, receptor 1 produced an enhancement in the fluorescence intensity of 
the peak centered at 517 nm and the detection limit obtained was of 4.1 µgL-1 (0.16 µM) of 
CN- with the spectral change inducing the solution color shift from yellow to red, thus 
allowing naked eye detection. For the cellular studies, upon addition of 0.10 µM of CN- 
(260.18 µgL-1) the cells exhibited strong fluorescence at λem = 510 – 560 nm, been 
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successfully applied for CN- detections in live mouse fibroblast cells (L929) in the green 
channel of the confocal microscope. 
Another fluorescence-based sensor for Rapid Diagnosis of Cyanide Exposure, as the 
authors refereed, is proposed by Randy Jackson, et al. [55]. This sensor was developed 
based on the reaction of naphthalene dialdehyde, taurine, and cyanide, yielding a 
fluorescent β –isoindole were selected to measure the CN- levels in biofluids. The authors 
used rabbit blood as sample pattern for the analysis of CN- previously separated from the 
biological matrix by sulfuric acid (300 µL of 1 M).and air, HCN capture and strong based 
until its total conversion into CN-. Fluorimetric analysis were performed in two 
configurations (using 420nm light emitting diode, and 410nm high-powered LED and the 
signal at 500 nm was used to quantify the amount of CN- in the sample), and a cyanide 
field sensor was proposed based on the detection of a fluorescent ß-isoindole product 
produced by the reaction of NDA, taurine and cyanide. The limit of detection achieved for 
aqueous cyanide was 6.47 µgL-1 (0.25 µM) and 20.2 µgL-1 (0.78 µM) for rabbit blood, and 
the possible interferences were evaluated for the compounds NH4OH (30 µM), NaSCN 
(0.5 µM), HAS (3.3 mg/ml) and NaHS (100µM), demonstrating no significance for the 
CN- determination. A comparison table for CN- recently proposed detection 
methodologies, in which most of the cited works are equally presented in our essay, were 
also discussed by the authors aiming to reinforce their diagnosis advantages. 
Furthermore, Qiyang Zhang, et al. [46] proposed a method to determine cyanide in urine 
by capillary electrophoresis. In this work an integrated capillary electrophoresis system 
composed by a laser-induced fluorescence (LIF) detection was used. The CN- ion was 
derivatized with naphthalene-2,3-dicarboxaldehyde (NDA) and a primary amine (glycine) 
for LIF detection in DMF water. In this work the potential interferences were confirmed to 
SCN-, R-SH, S2-, and SO32- demonstrating a slightly decrease of signal in regards to the 
CN- emission. The detection limit obtained was of 0.1 µgL-1 (4.0 nM) for standard cyanide 
in borate buffer at pH 9.2. The samples used in this method were from urine collected from 
two different people groups (smokers and non-smokers), with higher CN- concentration in 
the smoker group. The authors claim this methodology can be adapted to measure CN- in 
waste water and blood after samples pre-treatment and conditions optimization. 
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Ming La, et al. [56], proposed a water-soluble fluorescent probe(C-GGH) for high 
sensitivity and selective detection of CN− in aqueous media was synthetized by 9-
fluorenylmethoxycarbonyl, resulting in a complex of (coumarin-Gly-Gly-His). The 
fluorescence was obtained based on the displacement strategy where CN− extracts Cu2+ 
from the metal receptor complex to form stable Cu(CN)x and resulting in a detectable 
optical signal. The authors claimed that in situ the proposed methodology effectively 
responds to CN- detection, accompanied with the fluorescence probe at 430 nm in an 
integrated system. Among the ions tested, for C-GGH (1,0 !mol/L) (K+, Zn2+, Fe2+, Fe3+, 
Ca2+, Na+, Mn2+, Mg2+, Al3+, and Pb2+ concentration varied from 1,0 !mol/L to 3,0 !mol/L); and for (F−, Cl−, Br−, I−, SCN−, PO43−, N3−, NO3−, AcO−, SO42−, CO32 
concentration of 15,0 !mol/L), in HEPES aqueous buffer respectively The detection limit 
achieved by this methodology was 0.4 µgL-1 of CN- (0.017 !molL-1). 
Apiwat Promchat, et al. [57] proposes the use of indolium salt, highly sensitive and 
selective fluorescent sensor, for cyanide detection in freshwater, but only presenting 
fluorescence in polar organic solvent (acetonitrile, ethanol and methanol). The authors 
developed a fluorescence probe (Probe 3) that though a strong blue fluorescent color 
delivered a positive response to CN-. Probe 3 was obtained though the mixture of 3-(4-
N,N-Dimethylaminophenylethynyl)-5-tert-butyl-2-methoxybenzaldehyde (100 mg, 0.30 
mmol), 1,2,3,3-tetramethyl-3H-indolium iodide (58 mg, 0.33 mmol) and anhydrous 
ethanol (20ml), exhibiting two absorption bands (at 341 and 397 nm (λmax), and giving a 
weak emission band with the maximum intensity at 420 nm (λem) when excited at 385 nm 
(λem). Anion sensing properties (at 5 mM for CN−, F−, Cl−, Br−, I−, ClO4−, CO32−, N3−, 
NO2−, NO3−, AcO−, PO43−, SCN−, SH−, SO32−, and SO42−, and at 32 µM for Probe 3) were 
tested in methanol at 490nM, demonstrating no CN- interference and suggesting Probe 3 
could be used as a dual mode detection for colorimetric and fluorimetric measurements. In 
regards the low solubility in water presented by Probe 3, and in order to investigate the 
potential effects of pH on cyanide, a sonicated aqueous micellar system of Triton X-100 
(pH 6.0) of 0.45 nM for CN- detection was also tested, and the obtained results had 
demonstrated an enhancement of fluorescence ratio upon the addition of NaCN. The 
detection limits obtained for CN- under this protocol was at 0.014 µgL-1 (0.54 nM), and pH 
of HEPES buffer were maintained at 6.0 to avoid CN- potential conversion into HCN gas. 
Same ions group previously tested for estimate interferences on CN- detection in methanol 
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were in this step re-investigated and a good selectivity of cyanide (10 µM) toward the ions 
group (at 1.0 mM) in HEPES buffer (10 mM, pH 6.0) was obtained at 440 nm.  Therefore, 
a fluorescence of Probe 3 (10 µM) upon titration with NaCN (0-12 µM) in HEPES with 
Triton-X-100 (220 µM) were performed and CN- maximum intensity were observed at 
420nm Wavelength. At the last, in this work a paper/gel based sensing kits made of Probe 
3, providing visual responses to cyanide exposure (naked eye) was tested providing CN- 
detection limits of 26.01 µgL-1 (1 µM).  
Zhou, et al. [58], in 2014, proposes a multifunctional chemosensor integrating both 
fluorescent and colorimetric methods for the detection of CN- in aqueous solutions. The 
proposed fluorescent sensor probe (sensor 1) was built based on the conjugation of 
anthracene and hemicyanine, and the response was obtained though the nucleophilic attack 
of CN- to the indolenium C-2 atom present in the sensor 1, giving rise to color change and 
fluorescence intensity increase. Tris-HCl (pH=7.4 10mM)-ethanol (8/2, v/v) was used as 
buffer solution for CN- determination and the absorbance ratio changes (A405/A505) of 
sensor 1 upon gradual addition of CN- was used to estimate the absorption spectral 
response. Maximum absorbance of sensor 1 for CN- was detected at 505 nm and minimum 
at same wavelength when CN- concentration achieved 1.5 equivalent. Due this strong 
absorbance reduction, a color change behavior was observed and upon the addition of 
increasing amounts of CN- a naked-eye detection probe was proposed. The anions F−, Cl−, 
Br−, I−, HS−, N3−, SCN−, ClO4−, PO43−, H2PO4−, HPO42−, SO42−, HSO4−, NO3−, Cys, and 
AcO− (at 10 equiv.) were used to evaluate possible interferences in the CN- determination 
by sensor 1 (with 30 µM CN- gradual addition), do not showing significate results. 
Therefore, a fluorescence spectra titration of sensor 1 with CN- gradual addition was 
performed and due the CN- concentration increase, an increase in fluorescence (achieving 
maximum values at 470 nm) was observed. Following this trend line, the authors 
performed an additional test whit dipstick (previously immersed into a solution of water 
and anion selected and in regards the anions group and respective concentrations as above 
mentioned) and TLC plates coated with sensor 1 (30 µM).  CN- was the only element 
capable to induce color fading from red to colorless. At the last, aiming to track possible 
CN- effects in live cells, at this work sensor 1 and human breast carcinoma cells (GSE) 
were incubated in PBS and upon gradual increase of CN- GST emitted blue fluorescence. 
The authors claim that considering their sensor 1 had successfully immersed into GST, the 
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study of biological process involving cyanide in live cells is now possible. The detection 
limit for obtained for CN- determination though sensor 1 was of 1.5 µgL-1 (5.885 × 10−8 
M).  
Moreover, a simple colorimetric chemosensor is proposed by Park, et al. [59] for delivery 
visual results represented by a fast color change from colorless to yellow in CN- presence. 
Composed by 3-Hydroxy-2-naphthoic acid hydrazide (0.20 g, 1 mmol), 2-formylbenzoic 
acid (0.18 g, 1.2 mmol), ethanol (30 mL) and sodium hydroxide (0.04 g, 1.2 mmol), 
receptor 1 was synthetized to identify the presence of CN- into a DMF-buffer solution. 
Thought a UV-VIS, CN- different concentrations were tested and the higher absorbance 
response was obtained between 400 nm and 475 nm Wavelength. The sensing properties of 
sensor 1 were tested upon the presence of F−, AcO−, Cl−, Br−, I− and H2PO4− (50 equiv.) 
with only CN- demonstrating a distinct spectral change followed by the appearance of a 
yellow color. The authors claim that receptor 1 can serve as a potential naked eye 
technique to determine CN- in aqueous solution, even achieving the highest value of 
detection limit of the works analyzed in this essay (18212.6 µgL-1 of CN- (7.0 x 10-4 M)). 
Ga Rim You, et al. [60] propose a multifunctional sensor for CN- and AcO- detections in 
aqueous solution based in a multifunctional fluorescent and colorimetric approach. Based 
on the fluorescence response of CN- and in the chromogenic methodology (for CN- and 
AcO- detections) the receptor 1 was synthetized from 2-aminobenzothiazole (0.15 g 1.1 
mmol) and 2-hydroxy-1-naphthaldehyde (0.25 g, 1 mmol), both in absolute ethanol, and 
HCl. For CN- determination, Tetraethylammonium cyanide (165.6 mg, 0.1 mmol) and 
receptor 1 (3.04 mg, 0.01 mmol) were dissolute in DMSO and submitted to fluorescent 
titration. CN− in the presence of receptor 1 solution was the only element capable to change 
the solution color from from yellow to pink, and by increasing the amount of DMSO into 
receptor 1, both, CN−, AcO−, were capable to bleach the solution, showing instant color 
change from yellow to orange and to colorless. CN−, AcO−, F−, Cl−, Br−, I−, H2PO4−, N3−, 
SCN− and BzO− (17 equivalents) and receptor 1 (30 µM) were used to perform ions test 
interferences. CN- was the only element that demonstrated distinct spectral change. The 
authors claim that receptor 1 had demonstrated a high potential for been used as a naked 
eye chemosensor for CN− and AcO− detections in aqueous solution. The detection limit for 
CN- achieved by sensor 1 is 20.2 µg L-1 (0.78 µM). 
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Finally, the work proposed by Reddy, et al. [61] under the fluorimetric and colorimetric 
approach, detect cyanide ions in aqueous solutions through a cost effective colorimetric 
sensor. By having anthraquinone as a signaling unit and thiourea as a binding site, two 
sensors were proposed (S1 and S2) exhibiting distinct visual color and spectral changes in 
response to CN− F− Ac− and Bz−  ions. Sensor S1 react specifically to CN- delivering 
results in 50%aq. DMSO solution, and when CN- was added to S1, a broad band located at 
~ 630nm had shown a bathochromic shift of ~ 55nm, displaying fluorescence (S1 = 30 µM 
and CN- = 30 equivalents). In a presence of the other ions above mentioned and in 20 %aq. 
DMSO solution, S1 presented positive response to all group, displaying for CN- a 
bathochromic shift of ~ 50nm upon CN- addition and achieving a detection limit of 546.3 
µg L-1 (21 µM) for CN− is in aqueous media. The authors claim that the reason for only 
CN- react to S1 under the concentration of 50 % aq DMSO can be attributed to the CN- low 
hydration energy (∆Hhyd = - 67kj/mol), when in comparison to the other anions tested. 
After stablishing anions sensing proprieties in S1, test stripes based on this sensor for CN- 
identification in 100% water were developed. By changing its color from pale magenta to 
pale blue in the presence of CN- the obtained results were better interpreted before the 
coated test stripes dried.  
B) Spectrophotometry 
Al-Saidi, et al. [62] proposed a method to detect CN- using polyurethane foams (PUFs) as 
an acceptor phase in a headspace sorptive extraction (HSSE) spectrophotometry system. 
According to the authors, through the conjugation of PUFs and mercury (II) dithizonate 
complex the cyanide in a glass cylinder devise, the extraction of cyanide and thiocyanate 
followed by their determination in environmental and biological samples was possible. A 
simultaneous analysis for both elements (CN- and SCN-) were performed in the presence of 
Hg(HDz)2-PUFs sorbent composed by Hg2+(1.2 x 10-5 molL-1), dithizone (8.0 x 10-5 molL-
1) H2SO4 (0.16 molL-1), DMF (1.0 mL) and CN- (1.0-50 µmolL-1). Absorbance values of 
the first aliquot (∆A1, %) represented cyanide ion, second aliquot (∆A2, %), total cyanide 
concentration and the difference between both, SCN-. In order to avoid cationic 
interferences in the cyanide determination, the wastewater samples were percolated 
through Dowex 50 x 8 cation exchanger column and the tolerance limits for ions 
interference in CN- determination were calculated. For Li+, Na+, K+, Cl−, F−, I−, NO3−, 
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SO42−, CO32−, tartrate, and SCN− the interfering analyte ratio was 2500:1. For Ca2+, Ni2+, 
Co2+, Cd2+, Mg2+, Zn2+, Pb2+, As3+, Bi3+, Sb2+, the interfering was 1000:1. For S2−, SO32−, 
NO2−, NH4+, ClO4−, and IO4−, the interfering was 500:1. At the last, for Ag+, Cu2+, and 
Hg2+, the interfering analyte ratio obtained was equal 50:1. 1.0 µg mL-1 was the ions 
concentration applied for perform the interference test. Based on the CN- addition followed 
by its quantification in the sample, when 0 µmolL-1 of CN- added in the wastewater 
samples, 1540.2 µgL-1 of CN- (59.2 µmolL-1) was detected. Upon 20 µmolL-1 of CN- 
addition, 80 µmolL-1 of CN- were detected and in 40 µmolL-1 of CN-, CN- recovery was 
measured at 98 µmolL-1 of CN-. Authors claim their HS-SE-spectrophotometry prototype 
present high sensitivity, are free from ions interference, are easy to perform and avoid loss 
or contamination of the sample. This method was validated using simultaneous 
determination of cyanide and thiocyanate in human saliva samples, following same 
principle of detection describe by wastewater samples. In corroboration to the values 
obtained when no CN- was added to saliva samples (returning a value of 0.43 µmolL-1 of 
CN-), upon 50 µmolL-1 the recovery value was equal 50.7 µmolL-1. For SCN-, in no 
addition the founded values were of 551 µmolL-1 for SCN-. After 50 µmolL-1 SCN- 
addition, the recovery value in saliva was of 601 µmolL-1 SCN-. Even testing both 
compounds, the authors only give an estimation for CN- detection limit, which was of 31.2 
µgL-1 (1.2 µmolL-1 CN-). 
A. Hamza et al. [63] proposed a spectrophotometric method using dual-wavelength ß-
correction for identify trace concentrations of CN-. Through the solution of 0.02 mol of 
HOTT (4-hydroxy-3-(2-oxoindolin-3-ylideneamino)-2-thioxo-2h-1,3-thiazin-6(3h)-one 
prepared in ethanol), and 50mL of potassium cyanide in methanol, a brow-red color 
reaction is obtained as result of the nucleophilic addition of CN- to the imine group of the 
new reagent. The authors claim that the lack of sensitivity due interferences of the excess 
chromogenic reagent with the analyte at λmax, generally observed in spectrophotometry 
analysis, can be fixed by employing a ß-correction to calculate the real absorbance of the 
formed solutions. Following this line, the determination of CN- in tap and drinking water 
were performed and maximum absorbance was measured at at λmax = 466 and at 
λ1 = 336nm. In this detection method, the authors proved that the CN- ions in tap and 
drinking water samples can be measured through HOTT concentration at 2.0 mL, resulting 
in a detection limit for CN- in drinking water of 2.0 µmolL-1 of CN-. The results were 
A critical overview of recent cyanide and/or thiocyanate detection methods and their 
potential use to fight cyanide fishing of live coral reef fish 
53 
compared successfully with the conventional cyanide ion selective electrode (ISE) and the 
ions selected to perform the interference (with CN- concentration of 0.6 µgmL-1 and ions 
between 0.05 to 1.0 mg) were Na+, Li+, NH4+, K+, Ca2+, Mg2+, SO42−, Cl−, I−, NO3−, NO2−, 
PO43−, Fe3+, Al3+, Zn2+ and Mn2 +. Only Fe3+ and Al3+ presented significate interference in 
the CN- determination, been corrected upon addition of sodium fluoride (0.5% w/v). The 
authors conclude highlighting that their method required no complex pre-treatment or pre-
concentration, represents a high selective and sensitivity for CN- identification (though the 
fast color change observed) and presents no interference from extraneous ions occasionally 
founded in the target samples. Therefore, they methodology represents an alternative to the 
rapid and precise determination of CN- in water and in trace concentrations. 
C) Spectrometry 
Kayoko Minakata, et al. [64] proposed a method based on determination of CN- in blood 
by electrospray ionization tandem mass spectrometric (ESI-MS-MS), after direct injection 
of dicyanogold. 5 µL of blood sample matrix hemolyzed with 50 µL of water. Therefore, 5 
µL of 1 M tetramethylammonium hydroxide solution (TMAH) was added to raise the pH 
of the hemolyzate, liberating CN– from methemoglobin. CN– was then reacted with 2 µL of 
NaAuCl4 solution (10-4 M) to produce dicyanogold Au(CN) 2–. Dicyanogold was extracted 
with 75 µL of MIBK solution, and further, ten microliters of the obtained extract were 
injected directly into an ESI-MS-MS for CN- quantification. According to the authors, 
blood dilution and hemolization are mandatory steps to evaluate CN- adequately. the first is 
justified by the large amount of coagulated proteins formation upon methyl isobutyl ketone 
(MIBK) occluding the target ion and second, considering CN- is contained predominantly 
in red blood cells. Moreover, for the detection of strongly hydrophilic ions using MS-MS 
method, a suitable buffer, chelating agent and organic solvent must be wisely chosen. The 
determination of CN- was performed using a TSQ 7000 LC- quadrupole mass spectrometer 
in negative ion mode, with methanol as a mobile phase. ESI- MS-MS quantification was 
performed by the integration of the peak area of the product ion (at m/z 26.1) derived from 
the precursor ion (at m/z 248.9), using a calibration curve from spiked samples at different 
concentrations (CN- at 2.60 µgL-1, at 26 µgL-1, and at 260 µgL-1). The authors also 
mentioned that in regards to the CN- production from SCN-, even considering this reaction 
have been reported to be maximal at 50 °C and at pH 4-4.5 by other studies, the conversion 
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was not observed at room temperature and pH>7. The lower limit of detection (LOD) for 
CN- presented by this study was of 0.56 µgL-1 in blood.  
D) Amperometry  
Wenlin Wu, et al. [65] proposed a rapid measurement of free cyanide in liquor by 
chromatographic analysis using an amperometric detection. In this work, the measurement 
of CN- in liquor by ion chromatography coupled with pulsed amperometric detection (IC–
PAD) and the detection limit achieved was 1 µgL-1 (1 ngmL-1 for a 25 µL injection loop) 
with KOH (10 mM) as eluent. The authors claim that the analysis through their method 
takes approximately 15 minutes to be analyzed, and the use of optimized Ion 
Chromatography is more advantageous than the spectrophotometric method because their 
potential applications in liquor analysis. The interference of free cyanide (0.1 mgL-1) was 
tested for 17 components (Cl−, Br−, I−, S2−, SCN−, SO32−, SO42−, NO32−, CO32−, Mn2+, Pb2+, 
HCHO, CH3CHO, CH3CH2HO, HCOOH and CH3COOH with a good response for CN- 
recovery (from 99.5 % to 101.3 %).  
By complementing same authors previous work, and also under the scope of amperometry 
detections, an improvement technique for CN- determination is also proposed by Catherina 
Bijang, et al. [66]. The authors proposed a amperometric biosensor based on 
immobilization of tyrosinase enzyme onto bentonite and the modified bentonite was 
applied for CN- determination. Amperometric measurements were performed with DAQ 
potentiostat, in a thermostated three-electrode cell. Ag/AgCl (10 mL) saturated with NaCl 
was used as a reference electrode. Clay activation and pillarization were characterized 
through a difractometer utilizing CuKa radiation (X-ray diffraction). The performed 
cyanide detection was based on the inhibitory effects of CN- on the oxidase activity of 
tyrosinase toward cathecol as substrate. The detection limit achieved was of 5.2 µgL-1 (2 x 
10-7 M for CN-). 
E) Chromatography 
Following the chromatography and mass spectrometry principles, in [67], the authors 
presented an HPLC-MS-MS technique for simultaneous determination of CN- and SNC- 
through the use of NDA(naphthalene-2,3-dicarboxaldehyde) (4 mM), taurine (50 mM), 
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MBB(monobromobimane) (4mM) and Ellman’s reagent (5,5’-dithiobis 2-nitrobenzoic 
acid) (10 mM), previously prepared in methanol, deionized water, borate buffer (1 M) and 
phosphate buffer (0.01 M), respectively. CN- and SNC- (1 mM each) were prepared in 
NaOH (10 mM) in order to minimize HCN release. For CN- determinations, swine plasma 
was pre-treated with acetone to precipitate plasma proteins and reconstituted with NDA 
and taurine to produce N-substitute 1-cyano(f)benzoisindole (CBI). Ellman’s reagent was 
added to react with free thiols in CBI and upon MBB addition, SNC-biomane complex was 
produced. Both, CN- and SNC-, are simultaneously analyzed by HPLC (using 10 mM of 
ammonium formate (a) and 10 mM ammonium formate in methanol (b) as mobile phase) 
together with tandem mass spectrometry in negative ionization mode with MRM (multiple 
reaction monitoring). With ratios of 298.6 m/z for CBI and 248.0 m/z for SCN-bimane 
molecular ion of both complex (with CN- at 10 µg, SCN- at 20 µg, and plasma at 50 µg) 
this method achieves limits of detection of 260.1 µgL-1 for cyanide (10 nM) and 2903.9 
µgL-1 for thiocyanate (50 nM). From the same researchers group, another work also using 
plasma as base detection matrices, but in this case from human origin, can be found in 
[68]. In this methodology, to confirm cyanide exposure, an extraction of protein-bound 
thiocyanate moieties from cyanide-exposed plasma proteins is presented. This study 
reveals that SNC- is successfully extracted and then derivatized with pentafluorobenzyl 
bromide for GC–MS analysis. The detection limit of 2.5 ngmL-1 of SCN- in human plasma 
demonstrate the potential applicability of this method to the confirm CN- exposition in 
human populations.  
Hye-In Kang, et al. [69], proposed in 2015 a novel method of derivatization of free cyanide 
(HCN and CN−) including cyanogen chloride in chlorinated drinking water. The authors 
claim that although several methodologies have been developed to analyze water samples, 
none of them has provide analysis on chlorinate drinking water. Their protocol was 
developed with D-cysteine and hypochlorite and the formed β-thiocyanoalanine was 
directly injected into a liquid chromatography-tandem mass spectrometer (LC-MS-MS) 
without any additional extraction or purification procedures. The lower detection and 
quantification limit were 0.07 and 0.2 µgL-1, respectively, and the minimum volume 
required for analysis was of 1.0 mL. The detection limit achieved for raw and treated water 
samples analysis was of 0.2 µgL-1. In this work, trough Freshwater and chlorinated 
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drinking water this technique had proved to be efficient for evaluating the behavior of CN- 
in source water examples and chlorinated water. 
At the last, in Ma, et al. [70], the authors proposed a fast analysis of SCN- by ion-par 
chromatography using as base silica-based monolithic column and direct conductivity 
detection. In acetonitrile (pH 5.5), TBA (0.18 mmolL-1) phytalic acid (7%) as mobile phase 
(0.25 mmolL-1), the separation was made with flow rate at 6.0 mL/min, through a column 
C18 and with injections 20 µL. Acetonitrile (95%) was used daily to flush the system.  The 
delivered results demonstrate that the retention time of SNC- was between 0.65 to 0.95 
minutes, with SNC- at 12.0 mgL-1 and in regards the analysis of Cl- at 4.0 mgL-1, NO3- at 
8.0 mgL-1, ClO3- at 4.0 mgL-1, I- at 8.0 mgL-1 and SO42- at 8.0 mgL-1, the authors describe 
that the common unions did not interfere with the determination of SNC-, presenting 
retention time of 0:20, 0:30, 0:32, 0:45 and 1:25 minutes respectively. The authors only 
made recovery tests for ionic liquid, juice and groundwater. They suggest also that the 
method is very suitable to use monolithic column for the analysis of SNC- whose retention 
period is strong. This technique achieves 960 µgL-1 (0.96 mg/L) of detection limit for 
thiocyanate within a linear concentration base ranging from 2.0 – 100.0 mg/L. The authors 
claim this is as promising technique towards to perform quantitative analysis of SNC- in 
ionic liquids.  
2.3.3. Current constraints of the presented methods to fight against cyanide fishing 
In our opinion, all methodologies mentioned above present in some aspects a potential base 
for new techniques development into the cyanide caught fish scenario. Among all, 
fluorescence and colorimetric determinations appears to be the most accurate path for 
cyanide detections due the recent achievements in this area. From the proposal of naked 
eye analysis, such coated test stripes (e.g., Zhou, et al. [58], Reddy, et al. [61], Ga Rim 
You, et al. [60]) to color changing solutions (e.g., Park, et al. [59], Yanhua Yu, et al. [51], 
Sukato, et al. [52]), instantaneous cyanide determinations appear to be the trend evolution 
under this approach.  
In regards the methodology sensitivity, the lowest and most remarkable value for CN- 
determination observed in all works presented above was obtained by Apiwat Promchat, et 
al. [57], though their fluorescent sensor probe (with a detection limit of 0.014µg L-1 CN-). 
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In regards to the cyanide concentration applied in wild for fishing proposes even the the 
highest value obtained in this essay (by the colorimetric chemosensor proposed by Park, et 
al. [59], delivering visual results for CN- above 18212.6 µgL-1) are inside the cyanide 
maximum concentrations of 1500 mgL-1 described for the Indo-pacific area [32], [71], 
[72]. However, even providing the sensitivity needed for CN- determinations, some other 
aspects must be taken in consideration prior the proposal of ideal methodologies to identify 
cyanide caught fish.  
One of the many aspects that can eventually interfere in the CN- determination are the aim 
for chemical stability through ions interactions. Considering that different forms of 
cyanides usually associate to other elements forming more stable complexes then free 
cyanide forms (HCN or CN-), such as Fe, Co, Cu, among others, [52], in order to discard 
this possibility, all works selected to compose this survey performed ion interferences tests 
and the most common elements selected for those evaluations were (Na+, Ag+, Li+, NH4+, 
K+, NH4+,  Ca2+, Mg2+, Ni2+, Co2+, Cu2+, Cd2+, Mg2+, Zn2+, Mn2+, Pb2+, Sb2+, Hg2+, Fe3+, 
As3+, Bi3+, Al3+, Cl−, F−, Br−, I −, Bz− , SCN−, NO2−, NO3−, HSO3−, HSO4−, HCO3−, 
CH3COO−, H2PO4−, ClO4−, AcO−, IO4−, S2−, S2O32−, SO32−, SO42−, CO32−, PO43−, N3− and 
Cys) for fluorimetric, colorimetric and spectrophotometric analysis, and (Cl−, Br−, I−, 
SCN−, Cl−, NO3−, ClO3−, SO32−, S2−, SO42−, NO32−, CO32−, Mn2+, Pb2+, HCHO, CH3CHO, 
CH3CH2HO, HCOOH and CH3COOH) under spectrometric, amperometric and 
chromatographic approaches. Clearly, this last group of research principles analyze less 
components interferences then first group (colorimetry, fluorimetry and 
spectrophotometry), and the explanation is related to the methodology of analysis. Through 
the chromatography principle, the analyte is individualized, generating a response time 
with high specificity and, consequently, easier identification [73]. In regards the interest of 
cyanide fishing scenario, and to elucidate the importance of ion tests interference to 
evaluate the methodologies proposal, a general seawater molecular composition [74] and 
the ocean sediment composition in Java, an Indonesian Island [75] is presented in 
Supplementary Table 2. Even understanding that most of the elements present in the 
sediment may be not available in the water column [75], and that each coral reef area can 
be represented by its specific water chemistry composition [76], though Plank & Langmuir 
measurements in association to the general seawater expected composition [74], it is 
possible to infer that the ions selected to perform CN- interference tests comprises most of 
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the expected for cyanide fishing regions. In addition, to the authors best knowledge, no 
similar work was being found for seawater column composition to the Indo-pacific area. 
For all works in this survey described no significance results for CN- interference were 
reported. 
Considering the biggest challenge for cyanide detections related to to works here presented 
were not expressed by the methodologies achieved detection limits for CN- or eventual 
CN- ion interactions, the sample matrix to be analyzed takes it place. Under this approach, 
none of the cyanide detection proposals selected to be compose this review are capable to 
analyze CN- in saltwater samples. In regards the proposition of a non-invasive approach for 
cyanide determinations and the need of analysis in saltwater sample matrices, the works 
based on ethanol, juice, blood, urine and cells, were in this review only presented due its 
potentiality to eventually lead to new paths for methodologies development. For freshwater 
matrices, most of the fluorescence works claims that their detection limit achieved for CN- 
measurements in aqueous solution are lower than the maximum allowed by the World 
Health Organization [7] in drinking water (1.9 mM of CN-). However, their detection 
analysis relies on organic solvents to delivery CN- results, such as DMF [46], [51] and 
[56], THF [47], DMSO [49], [50], [57] and [58], HEPES [53] and [54], among others. 
With the exception of the CN- analysis in drinking water samples (proposed by A. Hamza, 
et al. [59] and Hye-In Kang, et al. [65]) thus, all other works authors references made to 
the WHO CN- limits, are unideal assumptions capable to lead the reader to a 
misinterpretation of their real methodology application. Moreover, among all, the majority 
of the fluorescence techniques here presented are focus on CN- measurements, only. 
Through chromatography, few methodologies were capable to analyze SCN-, but in 
regards the ones ahead discussed, those measurements were only performed in swine 
plasma and juice matrices and under high concentrations. Thiocyanate is the major 
metabolic product of CN- exposition and in vertebrates, and thus, sufficient reason to 
justify its study. Less toxic and structurally more stable then CN- [2], around 80 % of the 
CN- intake is usually convert into SCN-, following its excretion through urine [30], [31]. In 
addition, the extensive publication of methodologies to analyze freshwater samples leads 
us to questioning the cyanide performance pathway in seawater samples. Been capable of 
analyze only freshwater samples, in regards the cyanide fish detection, is a start but, 
somehow, still very far from the ideal approach. Moreover, because the chemical 
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concentrations expected from live fish specimens are exposure-dependent due the rapidly 
conversion of CN- into SCN- [32], the detection limits achieved for both components 
should be as low as possible.  
Considering the few SCN- detection methodologies currently available and somehow 
suitable to cyanide caught fish approach, at the ensuing subsections a short overview about 
the ones that consider SCN- as compound analysis using synthetic saltwater as sample 
pattern will be presented.  
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2.4- Non-invasive and non-destructive approaches currently available 
to detect thiocyanate on live coral reef fish 
In this section we highlight the techniques that, so far, had been demonstrated capable of 
identify cyanide caught live reef fish: [32], [77], [78].   
The use of ion selective electrodes (ISE), for a long time, was described as a convenient 
methodology for CN- determination due its rapid response to the CN- ion exchange 
reaction with Agl (silver iodine) or AgS (silver sulfide) [25]. The application of ISE 
technique on the cyanide fishing scenario was detailed at the ISE Trends Determined by 
Cyanide Testing on Marine Aquarium Fish in the Philippines (327 - Peter J. Rubec, 
Vaughan R. Pratt, Bryan McCullough, Benita Manipula, Joy Alban, Theo Espero, and 
Emma R. Suplido) as presented in [15]). Followed by its employment in a network range 
of labs to perform cyanide detection test (CDT), the target fish selected to perform CDT 
test, had their organs removed, blended in water, homogenized, strong acidified (in a 1-h 
reflux distillation), and in case of cyanide previous exposure, HCN was released, followed 
by its absorption into a sodium hydroxide solution, and measured by ISE [15], [25]. By 
presenting poor sensitivity for CN- determinations, with a detection limit (260.18 µgL-1 (1 
x 10-5 M for CN-)) high enough to kill a 500g marine fish [25], for requiring long and 
complicated analysis procedures, and for been unable to measure CN- traces in post 
cyanide exposure fish [15], thus, ISE represents an unideal methodology for cyanide 
fishing identification. Moreover, because ISE requires the fish sacrifice for tissues and/or 
blood analysis, and in this work we strongly believe it isn’t the ideal pathway for new 
developments. 
Under the adoption of a non-invasive approach, supported by the knowledge that all 
vertebrates are capable of processing CN- into SCN- (by sulphurtransferases enzymes) and 
proceed with its excretion though urine, thus, two available detection techniques based on 
chromatography methodology to identify the presence of thiocyanate ion (SCN-) in 
synthetic salt water samples (Figure 7.a - Optical Fiber Sensor described by Silva et al. 
[79] and Figure 7.b - HPLC technique described by L. Rong, et al. [73], and modified by 
Vaz et al. [77]) are highlighted: 
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Figure 7. a. OF technique by Silva, et al. [79]. OF sensor composed by (A) mobile phase flask connected to 
a pump (B), followed by an injector (C), a C30 column (modified with 5 % PEG 20.000) (D), followed by an 
analytical tube (0.4 cm diameter and 6.5 cm long) (E) containing a monomode optical fiber pigtail (diameters 
of 9mm core and 125 mm cladding, also modified with PEG 5%), integrated into a directional 50:50 Y 
optical coupler (F), with an angle FC/PC connector and a super FC/PC (G)on the input ends.                         
b. HPLC technique described by L. Rong, et al. [73], and modified by Vaz, et al. [77]. HPLC equipped with 
(A) mobile phase flask connected to a pump (B), followed by an injector (C), a C30 packed column 
(100mm×0.32mm i.d.) modified with PEG 5%, in an aqueous mobile phase with 350 mM of Sodium sulfate 
(D), followed by an (E) Detector UV-VIS, connected to a software data analyser. 
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2.3.4. Optical Fiber Sensor described by Silva et al. [79] 
In 2011, Silva et al. [79], proposed an Optical Fiber (OF) sensor to determine SCN- in 
seawater (Figure 7.a). The results obtained at the following year by Vaz, et al. [32] for 
SCN- measurements in synthetic saltwater samples, confirmed that relying on a non-
invasive and non-destructive approaches is possible to identify cyanide caught reef fish. 
Launched with high analytical performance (with a linear range between 4 and 400 µgL-1, 
3 µgL-1 of SCN- detection limit) and demonstrating no significant interference of iodide 
(concentration of 90 mgL-1) and iodate into the SCN- evaluated. SCN-  and iodine retention 
time response were obtained at 5.02 and 1.20 minutes, respectively. The OF sensor was 
composed by a C30 column modified with 5% PEG 20.000, followed by an analytical tube 
containing a monomode optical fiber pigtail (also modified with PEG 5%), a laser diode 
optical source (1 mW - set at 1550 nm wavelength under continuous waveform), and a 
photodiode detector to measures the modulated signal intensity. 
As advantages, this technique had demonstrated capable to perform analysis in synthetic 
[32] and natural saltwater [79] samples, which under cyanide fishing scenario is a 
remarkable achievement. By delivering results in approximately 5 minutes per sample 
analyzed, Silva et al. claims that the OF sensor is a reliable and inexpensive technique 
capable to delivery fast results for measure SCN- in saltwater. Therefore, the presence or 
absence of SCN- ion is supported by an extremely narrow interval at a 95 % confidence 
response level [79]. In addition, SCN- delivery results presented in [32] allow s a 
proportional comparison among the original concentration of CN- applied in the pulse 
exposure to the values of SCN- excreted. Fish pulse exposure to CN- at the dosage of 12.5 
mgL-1 reported SCN- values of 3.84 ± 0.04 µgL-1 upon 6 days post exposure and, as 
expected, fish pulse exposure to two times first CN- dosage delivery double of SCN- 
excretion (pulse exposure to 25 mg L-1 CN-, presenting 7.25 ± 0.05 µgL-1 of SCN-). We 
believe that through this direct proportion analysis (between the amount of CN- absorbed 
and the quantity of SCN- excreted) a pathway for cyanide intake concentrations knowledge 
in ornamental fish can be further elucidated.  
As negative points, at [79], we highlight the lack of details about the column modification 
with PEG (regarding to its methodology procedure, duration time and accuracy through 
time). Moreover, even considering the OF sensor [79] w as proposed for two samples 
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matrices determinations (synthetic and natural saltwater) the study performed by [32] only 
presents SCN- results for synthetic saltwater analysis. Even understanding this type of 
sample matrix offers a more reliable analysis of the target element investigate, by missing 
the SCN- determination behavior in natural saltwater samples part of the inherent questions 
related to the fish excretion under real cyanide fishing scenario remain unanswered.  
2.3.5. HPLC technique described by L. Rong, et al. [73], and modified by Vaz, et al. 
[77] 
Successfully applied to test SCN- in natural saltwater samples, L. Rong [73], proposes a 
direct technique for iodide and thiocyanate ions determinations in seawater performed by 
liquid chromatography (LC) through a C30 packed column (150 mm x 4.6 mm i.d.) 
modified with Polyethyleneglycol (PEG) 5% in a mobile phase of 300 mM Sodium sulfate, 
connected to an UV-VIS spectrophotometry detector at 220 nm. SCN- presented a 
retention time of 5.5 minutes, detection and quantitation limits of 2.0 µgL-1 (2.0 ng mL-1 
SCN-) and 6.0 µgL-1 (6.0 ng mL-1 SCN-), respectively. Following same detection 
principles, in 2015, a “blind analysis” of 75 specimens of reef fish randomly acquired from 
live fish sealers for cyanide caught fish identification through SCN- determination was 
performed by Vaz, et al. [77]. In this study through the analysis of synthetic saltwater 
samples containing marine fish urine excretion for 24 hours the levels of SCN- were 
determined. A HPLC, equipped with a C30 packed column (100mm×0.32mm i.d.) 
modified with PEG 5%, in an aqueous mobile phase with 350 mM of Sodium sulfate, and 
UV-VIS at 220 nm wavelength as detector, was used for SCN- determinations and the 
retention time was recorded between 4.2 to 4.8 minutes. Minutes (Figure 7.b). The 
obtained detection limit was of 3.44 µg L-1 SCN-, with < 5% calibration deviation, and for 
all samples tested, only the ones displaying SCN- concentrations up to 10.0 µgL-1 were 
considered as positive indicator that the fish analyzed had been previously pulse exposed 
to cyanide. In both works, aiming to increase SCN- signaling and report the C30-PEG 
coating status though time, a spiked upon SCN- addition to the target sample was analyzed. 
Both authors claim this spike procedure was adopted as accuracy quality check and in [77]. 
as an additional precaution to avoid signaling SCN- false positives. 
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As advantages, the HPLC technique had been demonstrated capable to perform thiocyanate 
analysis in natural [73] and in synthetic [77] saltwater samples, delivering results in the 
order of µgL-1. Measuring SCN- in seawater samples without any extra pre- treatment [73], 
and in synthetic water samples through a simple filtration by PTFE 
(Polytetrafluoroethylene) filter (0.22 µm pore diameter). The SCN- retention time and 
detection limits obtained in [77] and in [73] are similar, and the comparison between SCN- 
samples and SCN- spiked samples presented in [77] are very consistent, demonstrating the 
methodology reliability. In addition, the measurements of SCN- in saltwater samples, thus, 
represents an innovation, considering most current techniques are only capable to perform 
analysis in other type of matrices composition. 
As negative points, we highlight in all works presented in this section the need of PEG 5 % 
revetment. PEG solution is water soluble, and considering aqueous solutions as mobile 
phase, the coating detachment is expected to be observed. Moreover, the procedure of 
coating seems to be very time consuming, since it has to been performed after a cert 
number of analysis, and we believe it can also lead to results misinterpretations. If by the 
time of analysis, the column is not ideally coated, the sample analyzed can be taken as 
clean of SCN- when, in fact, SCN- concentrations were just incapable to be measured. 
Under this line of thoughts, the SCN- spikes procedures, as the constant accuracy status 
monitoring with SCN- standard solutions has its importance reinforced. Therefore, even 
been capable of perform analysis in saltwater samples (natural and synthetic), thus, the 
probability to apply chromatographic techniques in situ are very low, due its complex 
methodological procedures. In conclusion, the detection limit shared for all works 
presented in this section (OF sensor and HPLC) appears to be sufficient for SCN- 
identification, but still very close to the SCN- values obtained by Vaz, et al. [32], at their 
fish trial. It suggests that an increase of sensitivity for the current available methodologies 
to determine SCN- is also needed. 
In order to guide our concluding section, a brief graphical resume of the detection 
methodologies approach selected to integrate this review is presented in Figure 8, 
followed by Table 1 composed by all detection methodologies described for cyanide (CN-) 
and thiocyanate (SCN-), with respective detection limits achieved, sample matrix analyzed 
and major area of influence under the methodologies discussed. 
A critical overview of recent cyanide and/or thiocyanate detection methods and their 
potential use to fight cyanide fishing of live coral reef fish 
65 
 
 
Figure 8. A brief graphical resume of the detection methodologies selected to compose this review and in 
accordance to the following information presented at the Table 1. 
 
  
 
Table 1. Detection methodologies for cyanide and thiocyanate determinations from 2010 to 2017. 
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2.5- General Remarks 
At first glance, we have presented an overview of the actual available techniques for CN- 
and SCN- measurements recently developed (from 2010 up to 2017). Thus, in agreement 
to the observations made by Mak, et al. [25] in 2005, Ma & Dasgupta [9] in 2010, and to 
Jackson & Logue [26] in 2017, most of the techniques currently available for CN- and 
SCN- determinations, as the ones presented in this work, are eider time-consuming, and/or 
requires extremely complex equipment and complicate instrumentation procedures. To the 
majority of them the requirement of samples pre-treatment through very complex steps is 
also mandatory and in regards to the detection limits range, the absence of adequate 
sensitivity for CN- and SCN- determinations according to the SCN- values obtained by [32] 
was strongly noticed.  
As can be seen in Table 1, the selected techniques to compose this work differ basically 
accordingly to the element of analysis (CN- and/or SCN-) and to the methodology applied, 
which varies from chromatography, spectrophotometric, spectrometry, amperometric, 
fluorimetric to colorimetric.  
In general, besides the large amount of current techniques to detect CN- and the other less 
to detect SCN-, only few of the presented seems to be capable to perform measurements in 
saltwater samples [32]. The usual matrices selected for CN- and SCN- determination were 
blood, saliva, plasma, serum and urine, and when the analysis are performed in water 
(mostly freshwater), organic solvents were also present in the mixture, as DMF DMSO, 
HEPES, THF, and others. Relying on the advertisement of CN- determination levels for 
human consumption through freshwater matrices (the WHO laws and regulatory for 
cyanides [7]), most of those techniques claim the detection limits achieved are below to the 
levels recommended for human consumption. Thus, this advertisement is not justified 
because the dependency of organic solvents to accomplish the CN-detection limits 
proposed. No similar regulation for CN- and/or SCN- regulation levels for marine 
ecosystems was found by the authors during this review and in any other work here 
commented [1], [9], [25], [26], [80] – [82]. Moreover, in regards the large use of organic 
solvents in the samples tested, it is important to consider that under high percentages, the 
organic solvent reduce the original concentration of the target element. We believe that by 
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the removal these organic compounds, may lead to an increase of sensitivity for CN- 
detection.  
The detection limits achieved by the works selected to be presented in this essay varied 
from 0.1 µgL-1 up to 18212.6 µgL-1 to CN- determinations, and from 2.0 µgL-1 up to 2903.9 
µgL-1 for SCN-, respectively. Aiming to increase the accuracy for CN- measurements, in 
this review we could notice that the most recent research trends relayed in a combination 
between fluorimetric and colorimetric approaches, while to SCN- determinations, only few 
methodologies are capable to achieve the expected limits (3.84 µgL-1 of SCN-) from real 
cyanide exposure fish as obtained by Vaz, et al. [32]. Including the methodologies 
discussed in this work, as in all works we have knowledge, the major of the SCN- analysis 
relies on chromatography and spectrophotometry techniques, which are considerable time 
consuming and very difficult to perform in saltwater samples [25], [83]. In addition, among 
all, fluorescence and colorimetric approach seems to be a very promising path for cyanide 
detection methodologies. However, under these dominium principles, and to the best of 
authors knowledge, no cyanide determinations has been accomplished in saltwater samples 
so far.  
Considered as another indicator for CN- contamination, ATCA (2-aminothiazoline-
4carboxylic acid), has been suggested as a possible biomarker for cyanide detection studies 
[84]. However, besides is usually performed in blood, ATCA still been found in very low 
concentrations [55] suggesting this approach could not be ideal for CN- determinations. 
Therefore, as previously mentioned duo the ornamental fish small size, blood analysis 
usually requires the fish sacrifice, whit is largely not supported by this work. In addition, 
and in regards the SCN- concentrations founded in fish pulse-exposure to CN- [32], 
considering that 80% of the total CN- absorbed by the fish exposed may be converted into 
SCN- [1] and its response still been expressed in the order of µgL-1,  and that currently only 
few techniques are capable to achieve this range of sensitivity in water samples [9], thus, 
even if other compounds rather then SCN- could be measured through fish urine, is 
possible to infer that the its concentration would be expressed in very low concentrations, 
requiring more effort for its determination then SCN- itself.   
Regarding the rapid detection and accuracy of cyanide in saltwater samples have an 
eminent gap, especially for portable solution that facilitates the analysis of CN- or SCN- in 
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natural saltwater. For instance, in situ a portable-device facilitates to diagnose in real-time 
the cyanide caught fish exposure identifying the mostly the source of cyanate exposure to 
further contribute to government laws and enforcements. Recent studies point out that the 
most current methods walk on using fluorescence and colorimetric techniques to accurately 
detect cyanide exposure. However, these techniques fail on detect SCN- compound 
excreted via urine of the fish caught by cyanide, which it is a very suitable analysis 
towards the conception of in situ portable device to detect cyanide using seawater samples.  
According to Rong [83], the biggest challenges to develop a methodology with good 
sensitivity for ion target analysis in seawater samples are the target ion separation from an 
excess of anions in seawater, and as was commented for iodine and also very applicable for 
SCN-, the highly sensitive needed for the element detection. In regards to the OF [32], as at 
the HPLC and [77] methodologies above mentioned, both had been capable of delivery 
SCN- results in fish trials but in synthetic saltwater samples only and through extensive 
time-consuming methodologies. Thus, the reasons presented above are sufficient to 
indicate that both techniques are restricted to laboratory facilities uses only.  
In conclusion, as well stressed in this paper, and suggested by of the authors here cited 
[17], [23], [26], [32], [85], to trace live specimens exposed to cyanide fishing in real case 
scenarios an accurate and portable equipment capable to measure SCN- in indispensable. 
We believe though the enhancement of the OF as the HPLC methodologies, or though the 
combination of fluorescence and colorimetric methodologies new and suitable 
methodologies for CN- and/or SCN- can be developed to finally become applicable to the 
cyanide fishing problematic in real case scenarios.  
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2.7- Appendices 
Supplementary Table 1. Research methodology applied to conceive this work. Performed from June 2016 
to July 2017. 
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Supplementary Table 2. Expected chemical composition for general seawater and Java/Indonesia sediment. 
Seawater composition adapted from DOE [74], 1994 and Sediment composition average collected in Java, 
Indonesia, adapted from Plank & Langmuir [75], 1998. 
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3.1- Abstract 
The illegal use of cyanide poisoning to supply live reef fish to several markets is one of the 
main threats to coral reefs conservation in the Indo-Pacific. The present study performed 
the first survey ever monitoring the marine aquarium trade in the EU for the presence of 
physiological evidence consistent with cyanide poisoning in live reef fish. This survey was 
also the first one worldwide employing a non-invasive sampling approach. Nearly 15 % of 
the fish screened displayed physiological evidence of being illegally collected using 
cyanide poisoning (by testing positive for the presence of the thiocyanate anion (SCN-) in 
their urine). The efforts promoted so far to completely eradicate cyanide caught fish from 
the marine aquarium trade have not been effective, as our results suggest that their 
prevalence in the trade is in line with data reported nearly two decades ago. A new 
paradigm is urgently needed to effectively ban cyanide caught fish from the marine 
aquarium trade. 
 
Keywords: Marine fish trade, ornamental, cyanide fishing, thiocyanate, and cyanide 
excretion 
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3.2- Introduction 
Coral reefs worldwide are endangered due to an unprecedented level of direct and indirect 
anthropogenic threats that may push these ecosystems beyond a point of no return [1]. 
Among the threats impacting coral reefs in the Indo-Pacific region, destructive fishing 
practices alone are considered to be the ones most severely affecting countries such as 
Indonesia and the Philippines [2]. These two countries are known to be among the main 
suppliers of live reef organisms entering the marine aquarium trade, a multi-million dollars 
industry acting at a global scale and having the USA and the EU as their main importing 
markets [3], [4]. Cyanide fishing, one of the most destructive fishing techniques employed 
in Indo-Pacific coral reefs to collect live fish, is commonly, but not exclusively, employed 
to supply the marine aquarium trade, with its use in Indonesia and the Philippines being 
well documented [5]. For a detailed description of this fishing technique please see Rubec 
et al. [6]. Cyanide fishing has been officially banned several years ago in most Indo-
Pacific countries, including Indonesia and the Philippines [5]. Nonetheless, these 
regulations are still poorly enforced by exporting and importing countries [7], with this 
destructive fishing practice continuing to be employed to supply an undetermined number 
of live reef fish to importing markets. 
The majority of wholesalers trading live reef fish for marine aquariums claim to support 
responsible collection practices and often exhibit pseudo-certification stating that no 
specimens collected using cyanide fishing are traded by their companies [8]. However, the 
challenges associated with the traceability of traded marine ornamental fish are well 
documented [9], being very difficult to reliably trace the origin of a given specimen along 
the blurry supply chains that characterize this industry. The lack of a suitable methodology 
that may allow the screening of live reef fish collected with cyanide without requiring the 
sacrifice of these highly priced animals [10] has also contributed for the status quo in the 
marine aquarium trade – a general perception by traders that cyanide fishing no longer 
plays a role on the supply of the global trade of marine ornamental fish and a certain over 
dimensioning of this issue by marine conservationists in their quest to ban the collection of 
live fish from coral reefs. The non-invasive and non-destructive screening approach 
proposed by Vaz, et al. [11] to detect live reef fish collected with cyanide fishing has 
started to shift the perception of the whole chain of custody on the true dimension that this 
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destructive fishing practice may have in the marine aquarium trade. This approach screens 
for the presence of the thiocyanate anion (SCN-) in the urine of fish, a metabolite 
originating from the main metabolic pathway involved in the detoxification process 
displayed by vertebrates poisoned by the cyanide anion (CN-) [12]. Fish being screened 
must be stocked in clean synthetic seawater (with no detectable levels of SCN-) where the 
specimens being surveyed are depurated for 24 h (or in other words allowed to urinate); 
following this period a sample of that water (only a few mL) is screened for the presence 
of SCN- (in the range of ugL-1), whose source can only be the fish being depurated [11]. 
This non-destructive approach is likely to be more readily accepted by the industry than 
alternative techniques already available to detect live reef fish poisoned by cyanide, which 
use as a screening matrix fish blood or muscle and target the presence of the less persistent 
anion CN- [13]. 
The objective of the present work was to perform the first survey on physiological 
evidence of cyanide poisoning in marine ornamental fish being imported from the Indo-
Pacific region through well-established commercial channels supplying the EU marine 
aquarium trade. It is important to highlight that this is the first study ever performed to 
screen live reef fish for potential cyanide poisoning where no animals being traded needed 
to be sacrificed, unlike previous screening programs implemented in the past (see [14]). 
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3.3- Materials and Methods 
Over 600 marine ornamental fish were purchased from three different major EU 
wholesalers from May 2014 to June 2015 importing fish from the main exporting nations 
in the Indo-Pacific region supplying this industry (see Leal, et al. [4]) a nd distributing 
them to all EU member states, as well as other non-member states (e.g., Switzerland, 
Norway and Russia). None of the suppliers was previously informed about the survey 
being performed, in order to avoid any shift in their modus operandi. All specimens 
received at the University of Aveiro (Portugal) were individually packed in plastic bags 
sealed with rubber bands (or metal clips), with 1/3 of the bag volume being filed with 
seawater and the other 2/3 being an oxygen saturated atmosphere. Immediately upon 
arrival all fish were acclimatized using the drip method (see Calado [15] for a detailed 
description) and fed following standard procedures. Two days after acclimatization, fish 
species known to occur in the Indo-Pacific region (where cyanide fishing is employed to 
collect marine ornamental fish) were haphazardly selected to be screened for SCN- 
excretion. It is important to highlight that the lack of a reliable traceability protocol to 
survey the supply chain of marine ornamental fish [9] does not allow to pinpoint the place 
of collection (or at times even the country of origin). Selected fish were submitted to a 24-
h depuration process, following the methodology described by Vaz et. al. [11]. Briefly the 
depuration process can be described as follows: fish haphazardly selected for screening 
were housed in individual glass jars filled with clean synthetic seawater prepared by 
mixing freshwater purified by reverse osmosis with a synthetic salt mix (Tropic Marine® 
Pro Reef salt); the volume of seawater employed to depurate each fish was adjusted 
according to the fish total length (measured from the tip of the snout to the tip of the longer 
lobe of the caudal fin) (see Supplementary Table 4). During the depuration process fish 
were not fed and were exposed to a 12 h L: 12 h D photoperiod. The use of synthetic 
seawater was preferred over the use of natural seawater to prevent the presence of SCN- in 
the depuration water (thus minimizing the risks of detecting false positives) and reduce the 
potential interference of other compounds with SCN- when performing the HPLC (High-
Performance Liquid Chromatography) analysis (which could impair the detection of SCN- 
and give origin to false negatives). All batches of synthetic seawater prepared for the 
present study were screened for the presence of SCN- (see below for methodological 
details on this analysis) in order to ensure that they were free of any detectable levels of 
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this compound and that no false positives were detected. Water quality parameters at the 
end of the depuration procedure were always recorded at the following values: pH 8.1 ± 
0.1; undetectable levels of ammonium and nitrite, with nitrate always being recorded < 5 
mg L-1. Water temperature was stable at 26 ± 0.5 ºC and the salinity recorded was 35 ± 1. 
A sample of 5 mL of the seawater used to depurate each fish was sampled from each 
individual jar before receiving the fish, as well as 24 h after the depuration procedure; 
seawater samples were stocked in plastic Eppendorf tubes and immediately stored at -20 
°C until they were used for screening the presence of SCN- using HPLC. 
Prior to HPLC analysis, samples were defrosted, submitted to an ultrasonic bath for 60 
minutes and filtered through a PTFE (Polytetrafluoroethylene) syringe filter with a pore 
diameter of 0.22 µm. Once this procedure was complete 1.5 ml of each seawater sample 
was transferred to an individually labeled HPLC glass vial to proceed with the analysis. 
The analysis were performed using a HPLC (Waters 2695) equipped with a C30 packed 
column (100mm×0.32mm i.d.) modified with PEG (Polyethyleneglycol - 
H(OCH2CH2)nOH – Brand Alfa Aeasar) 5%, following the methodology described by 
Rong, et al. [16]. However, in the present study, 350 mM Sodium sulfate was used as 
mobile phase. A UV-VIS (Ultraviolet-visible spectrophotometry) detector (Waters 2487 
Dual ʎ Absorbance Detector) was used at 220 nM and retention times recorded for the 
SCN- were always between 4.2 to 4.8 minutes. A minimum of 3 injections per sample was 
performed, with calibration deviation always being < 5%. The detection limit was between 
2.56 and 3.44 µgL-1 SCN- and only for results > 10 µgL-1 SCN- was a fish considered as 
testing positive for cyanide exposure. This very conservative approach was employed to 
avoid flagging false positives. During the HPLC analysis all samples were kept in the dark 
and at room temperature. Samples of the synthetic seawater prepared by mixing freshwater 
purified by reverse osmosis with a synthetic salt mix (Tropic Marine® Pro Reef salt) used 
to depurate the fish were also used as a negative control (no detectable concentrations of 
SCN-). A stock solution of CNNaS (Fluka, 98% purity), with a SCN- concentration of 40 
mg L-1, was prepared by dissolving 5.697 mgL-1 of CNNaS in 100 mL of Milli-Q water, 
which was used to prepare five standard solutions with concentrations of 5, 10, 20, 40 and 
60 µgL-1 of SCN- in synthetic seawater (see above for details) and used for HPLC 
calibration. All standard solutions of SCN- were submitted to exactly the same procedures 
described above for seawater samples prior to analysis in the HPLC. 
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Whenever a sample of seawater collected after depuration revealed the presence of SCN- 
the following additional analysis were performed: the sample being analyzed, as well as a 
sample from the seawater prepared for depurating the fish, was spiked using standard 
solutions of 10 and 40 µgL-1 of SCN- and analyzed in the HPLC. This procedure was used 
as a quality check for accuracy and to avoid signaling false positives: 1) it ensured that the 
SCN- concentration initially reported from the first HPLC analysis of the seawater sample 
screened after depuration was indeed accurate (SCN- concentration would have to be X+10 
and X+40 µgL-1 of SCN-, with X being the concentration of SCN- reported in the first 
HPLC analysis); and 2) that the sample was not a false positive and that the SCN- being 
recorded was indeed coming from fish excretion and not from the seawater prepared to 
depurate the fish (SCN- concentration on the water prepared for depurating the fish would 
have to be 10 and 40 µgL-1 of SCN-, the concentrations of the standard solutions used for 
spiking the sample) (see Supplementary Figure 2). 
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3.4- Results 
A total of 75 fish specimens representing 37 different species from 19 families were 
screened in the present study (see Supplementary Table 3). From all screened fish, a total 
of 11 specimens, representing 9 different species from 6 different families, were recorded 
excreting SCN- at concentrations > 10 µgL-1 at the end of the depuration procedure 
(Figure 9) (for additional information see Supplementary Figure 1 and Supplementary 
Figure 2, and Supplementary Table 3). In other words, 15% of all screened fish, 
representing nearly 1/4 of all species and 1/3 of all families screened were flagged as 
showing physiological evidence of having been poisoned by cyanide. Families 
Chaetodontidae (butterflyfishes), Pomacanthidae (angelfishes) and Acanthuridae 
(surgeonfishes) were the ones displaying the highest number of specimens (3, 3 and 2, 
respectively) excreting SCN- at concentrations > 10 µg L-1 at the end of the screening.  
Figure 9. Percentage of reef fish specimens, species, and families (pie charts) and number of specimens per 
fish family (bar chart) displaying concentrations of SCN- > 10 µg/L in the water at the end of the depuration 
period (24 h)  
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3.5- Discussion 
The present study revealed that reef fish displaying physiological evidence of having been 
illegally collected using cyanide fishing are still present in the marine aquarium trade in 
the EU. Even when employing a very conservative approach, by only considering a fish as 
testing positive for potential cyanide poisoning when the recorded concentration of SCN- 
was > 10 µg L-1, our study revealed that 15% of all screened specimens displayed 
physiological evidence that they had been exposed to this toxic. Nonetheless, it is worth 
highlighting that physiological evidence of cyanide poisoning is not an absolute 
demonstration of illegal fishing, as a fish may survive an acute episode of exposure to 
cyanide and a few days later be captured in the reef by a licensed collector using a hand net 
- this fish would be a case of a legally harvested organism that would display physiological 
evidences of cyanide poisoning. 
The results reported in the present work are in line with those reported nearly two decades 
ago by Rubec, et al. [14] for marine aquarium fish surveyed in the Philippines between 
1996 and 2000. These authors, which have employed a different methodological approach, 
report a proportion of fish testing positive for cyanide poisoning ranging from 8 to 43% 
during the period surveyed. The three fish families recorded in our study with the highest 
number of contaminated specimens (Chaetodontidae, Pomacanthidae and Acanthuridae), 
were also ranked among the top 10 families displaying the highest percentage of fish 
testing positive for CN- in the study by Rubec, et al. [14]. The efforts promoted by 
governmental agencies and the marine aquarium trade to eradicate cyanide caught fish 
from the selling lists of suppliers have not been fully effective over all these years. Some 
of those efforts have claimed the implementation of responsible collection practices and 
even, at times, offered a pseudo-certification of the players involved in the supply chain 
[8]. 
The date of collection and the accurate dosage of cyanide used to collect a fish being 
surveyed are impossible to determine given the lack of reliable traceability protocols in this 
industry [9]. The cyanide solution in the squirt bottles of fishermen employing this 
technique becomes diluted as the mix is squirted and seawater enters the squirt bottle. 
Initial concentrations can be as high as 1400 mg L-1 of CN- [17], thus a fish collected in the 
beginning of the fishing journey is exposed to a higher dosage of CN- and likely start 
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excreting SCN- sooner and in higher levels than an identical specimen poisoned later 
during the fishing journey. The latter a fish is screened for SCN-, in terms of post 
collection days, the lower the chances of physiological evidences for cyanide poisoning 
being recorded using the methodology reported. Other issues that are still poorly 
understood and may condition the time frame available for the detection of cyanide 
poisoning are related with the role that fish biomass and species may play on the efficiency 
of the metabolic pathway involving the enzyme rhodanese (thiosulfate sulphurtranferase), 
which in the presence of a sulfur donor converts CN- to SCN-. As discussed by Vaz, et al. 
[11], by increasing the holding period of collected fish in their facilities, traders may 
eventually avoid detection using the approach employed in our study, as specimens can be 
shipped when no longer excreting SCN- (when fully detoxified). However, traders doing so 
also risk losing these fish due to the higher mortality commonly associated with specimens 
collected with cyanide [6]. To date, there is no scientific data available to either confirm or 
refute the potential cross contamination of non-cyanide caught reef fish stocked in the 
same tank with fish illegally collected with cyanide and actively excreting SCN-. However, 
if one considers that fish exposed to mg of CN- excrete µg of SCN- (see Vaz, et al. [11]), it 
is unlikely that a fish in contact with other specimens actively excreting µg of SCN- will be 
cross-contaminated to the point of also excreting SCN- within the same concentration 
range. In the present study, this potential issue was controlled by only considering as 
positive the water samples collected from specimens excreting 10 µgL-1 of SCN-. Overall, 
by monitoring the excretion of SCN- in live reef fish being traded to supply marine 
aquariums, and also taking into account the numbers of fish being rejected along the 
supply chain [18], the number of specimens potentially being signaled as originating from 
cyanide fishing will likely underestimate the impact of this illegal practice in this industry. 
The methodological approach employed in the present work may not be the most suitable 
one to be scaled up by the industry due to the need to employ synthetic seawater, depurate 
each target fish individually and use an HPLC approach that requires highly trained staff 
(e.g., operator must know how to interpret shifts on SCN- retention times and determine 
when the stripping of Polyethyleneglycol (PEG) used to modify the C30 column has 
reached a point at which the column needs to be once again modified with this compound 
to allow the reliable detection of SCN-). Indeed, the method employed in our study may 
likely only be suitable for academic purposes to better understand the dynamics of SCN- 
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excretion over time in different live reef fish exposed to different concentrations of CN-. 
This method may also be employed by a specialized sub-contracted laboratory specifically 
to screen a restricted number of fish (a few tens) originating from an import over which 
there are strong suspicions of trading specimens illegally collected with cyanide. Overall, 
we advocate that the focus of future studies should be on alternative non-invasive and non-
destructive methodologies which allow an easier and faster detection of the active 
excretion of SCN- or other relevant metabolites in natural seawater by fish poisoned by 
cyanide. 
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3.7- Appendices 
Supplementary Figure 1. Chromatograms performed using HPLC to screen for the presence of SCN- in seawater used to depurate live reef fish traded for marine 
aquariums. All details concerning each chromatogram are summarized in Supplementary Table 3. 
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Supplementary Figure 2. Chromatograms performed using HPLC to screen for the presence of SCN- in seawater used to depurate blue damsels Chrysiptera cyanea 
(family Pomacentridae) of similar size during 24 h. A) Chromatograms representing a sample displaying potential levels of SCN- (sample), with identification being 
confirmed through the spiking of the sample with 40 µgL-1 of SCN- (SCN- 40 µgL-1) and detecting a proportional increase in the peak of SCN- present in the sampled 
spiked with 40 µgL-1 of SCN- (Sample + SCN- 40 µgL-1); B) Chromatograms representing a sample displaying no detectable level of SCN- (sample), with the absence 
of SCN- being confirmed through the spiking of the sample with 40 µgL-1 of SCN- (SCN- 40 µgL-1) and the sole detection of the peak referring to concentration of 
SCN- added to the sample (Sample + SCN- 40 µgL-1); C) Chromatograms representing a sample displaying potential levels of SCN- (sample), with the absence of SCN- 
being confirmed through the spiking of the sample with 40 µgL-1 of SCN- (SCN- 40 µgL-1) and the detection of two peaks referring to the concentration of SCN- added 
to the sample and the ion initially detected that was not confirmed as SCN- (Sample + SCN- 40 µgL-1). Retention times recorded for the SCN- were always between 4.2 
to 4.8 minutes, with shifts in retention times for SCN- peaks represented in the figure being due to the stripping of PEG (Polyethyleneglycol - H(OCH2CH2)nOH) used 
to modify the C30 column employed for HPLC analysis. 
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Supplementary Table 3. HPLC chromatogram of standard solutions and all live reef fish screened for thiocyanate (SCN-) excretion after being depurated for 24 h in 
synthetic seawater along with their family, scientific and common names. Scientific names of fish species and families are reported according to WoRMS [19], while 
common names are reported according to Michael [20].  
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Supplementary Table 4. Synthetic seawater volume employed to depurate selected fish according to their 
total length (measured from the tip of the snout to the tip of the longer lobe of the caudal fin). 
Fish total length (TL) (mm) Seawater volume (ml) 
TL ≤ 1.5 500 
1.5 < TL ≤  3 1000 
3 < TL ≤ 5 1500 
5 < TL ≤ 10 2000 
10 < TL ≤ 20 5000 
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4.1- Abstract  
Indo-Pacific coral reefs are well known for their remarkable biodiversity and for being 
permanently under a number of threats promoted by direct and indirect human actions. 
Despite several efforts, cyanide fishing remains a common practice to capture live reef fish 
in this region and continues to cause an indiscriminate mortality among target and non-
target species due to its high toxicity. Fish surviving a sub lethal exposure to cyanide may 
not be able to fully regain their swimming ability after recovering from the paralysis 
promoted by this poison. This recovery may be further hampered under ocean warming 
scenarios, as higher water temperatures are known to impact the swimming performance of 
coral reef fish. The present work analyzed the swimming performance of a popular reef 
fish species, the green damsel Chromis viridis, in a swim tunnel after enduring a sub-lethal 
pulse-exposure to cyanide (25 mgL-1) under present day conditions (26 ºC) and in the 
warmer oceans of tomorrow (29 ºC). The prolonged swim performance of C. viridis was 
assessed until fish exhaustion, with total O2 consumption, maximum velocity and critical 
swimming speed (Ucrit) being determined, along with opercular movements and fish 
swimming positioning inside the swim tunnel chamber. Routine and Maximum Metabolic 
Rates (RMR and MMR), as their respective slope, were calculated to all fish analyzed. 
Cyanide pulse-exposure and higher water temperature can reduce C. viridis swimming 
ability and when both stressors were combined the negative impacts on C. viridis 
swimming performance was magnified. When compared to control fish, (free of cyanide 
and at 26 °C), conspecifics pulse-exposed to cyanide and acclimated under 29 °C displayed 
a significant reduction of swim time (from 108 to 43 minutes) and Ucrit (from 635 to 323 
mm/s-1), followed by an increase in oxygen demand to swim less than 18% of the total 
distance accomplished by the control group (from 0.43 mg/L of O2 to swim 3.72 Km to 
0.69 mg/L to swim 0.68 Km). Assuming that ocean warming is an unavoidable threat to 
Indo-Pacific coral reef areas, cyanide fishing must be urgently stopped in this region as the 
destructive potential of this practice in coral reefs will likely be magnified to 
unprecedented proportions in the warmer oceans of tomorrow. 
 
Keywords: prolonged swim performance, marine ornamentals, live ref fish trade, climate 
change, ocean warming, cyanide fishing, conservation.  
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4.2- Introduction 
From anthropogenic activities to natural environmental stressors, several threats currently 
endanger coral reef health and their associated biodiversity [1]. It is estimated that ~ 75 % 
of coral reefs worldwide are directly threaten by human activities [2] and, even in 
protected areas, destructive events induced by natural causes have already been 
experienced and/or are forecasted to occur [3]. Habitat of thousands of species, Indo-
Pacific coral reefs are unique ecosystems, extremely rich in biodiversity and endemic 
species that struggle to thrive under multiple impact sources [4], [5]. With the growing 
awareness on the deleterious effects associated with ocean warming in the Indo-Pacific 
region, such as the massive coral bleaching experienced by the Great Reef Barrier [3], 
these impacts are enhanced by the illegal use of cyanide (CN-) poisoning to capture live 
coral reef fish [6].  
For over 4 decades, cyanide fishing has remained as a major actual threat to Philippines’ 
coral reefs and has been disseminated along the years to Indonesia, Sri Lanka, Vietnam, 
among others [7] – [11]. All countries mostly associated with the illegal use of cyanide 
fishing are also the ones supplying the major part of live specimens traded by Marine 
Ornamental Fish Trade industry (MOFT) [12], [13]. Considering the sharp increase in 
demand experienced by MOFT recorded in latest years [13] and that over 2000 coral reef 
fish species are currently traded without proper surveillance mechanisms on their origin 
and collection method [14], overfishing and irresponsible fishing practices are indirectly 
encouraged in Indo-Pacific coral reefs. The main goal of cyanide fishing is to capture the 
highest number of live reef fish in the shortest time and with the least effort possible [4], 
which has allowed this practice to become commonly used to supply the MOFT with Indo-
Pacific coral reef fish [4], [15]. 
In areas where cyanide poison is employed several negative effects have been reported on 
a number of reef organisms, such as corals and fish [4], [9], with cyanide fishing ultimately 
compromising the whole reef ecosystem structure [11], [16]. Given the indiscriminate 
mortality of target and non-target specimens promoted by CN- fishing [7], [17], along with 
potential overfishing of certain target species [3], a local reduction in species richness and 
genetic diversity is expected to occur [18]. Toxicity effects of CN- are strongly associated 
with the impairment of fish swimming activity, which also affects fish survival even when 
Chapter 4 
122 
exposed to CN- sub-lethal doses [19]. Cyanide compromises the speed, coordination and 
sprint swimming capacities, impelling the fish to escape from predators, capture prey, 
move along the reef and avoid being fished [9]. Until the detoxification process starts, 
where CN- is mostly converted into less toxic metabolites such as thiocyanate (SCN-), 
poisoned fish are completely incapable of swimming [9] and remain vulnerable to 
predation during a certain period of time (depending on exposure time and CN- dosage) 
[20]. 
Swimming ability of fish is also severely affected by thermal stress, as a drastic decrease in 
its efficiency occurs under higher temperatures [21], [22]. According to the IPCC (2014) 
[23], by 2100 the global surface of the planet will warm in a range between 0.3 to 4.8 °C, 
with ocean’s surface likely increasing from 3.0 °C to 4.0 °C. The IPCC predictions also 
include the occurrence of more extreme precipitation events followed by more frequent 
heat waves formation, ocean acidification and sea level increase [23]. Those predictions 
will likely impact the ecological niches of several reef fish species, as well as their life-
cycle in general [3], [24], [25]. 
Ocean warming is therefore an eminent threat to all fish populations and several studies 
have already addressed the potential effects of seawater temperature increase in fish [26] – 
[29]. However, to the authors best knowledge, no study has ever investigated the effects of 
cyanide poisoning on coral reef fish swimming performance in the oceans of today and in 
the warming oceans of tomorrow. The present study provides, the first detailed analysis of 
a reef fish swimming activity after enduring a sub lethal exposure to cyanide poisoning and 
sheds light on the potential effects that this poison may have on coral reef fish swimming 
ability under a higher seawater temperature (as foreseen on climate change scenarios 
predicted by the IPCC) [23]. The swimming performance of an emblematic Indo-Pacific 
coral reef fish, the green damsel (Chromis viridis) surviving a sub-lethal exposure to 
cyanide poisoning under present day thermal conditions of Indo-Pacific coral reefs and 
those foreseen to 2100 is investigated in the present work. Overall it aims to identify if the 
deleterious effects promoted on coral reef fish through cyanide poisoning are magnified in 
the warming oceans of tomorrow.  
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4.3- Materials and Methods 
4.3.1. Selection of fish model species  
The following rationale supported the decision of selecting the green damsel (C. viridis) as 
model species for the present study: i) geographic origin, ii) swimming ability and iii) 
commercial value for the MOFT. Green damsels occur along the Indo-Pacific region, 
ranging from the East coast of Africa to the Line Islands and from the Tuamotu 
Archipelago to south of the Great Barrier Reef and New Caledonia [30], [31]. The species 
belongs to the Pomacentridae, which has been previously reported to be under intense 
cyanide fishing pressure [8], [32]. Furthermore, C. viridis possess a strong swimming 
ability, being classified as a reef associated species, with absent migratory behavior [24]. 
Green damsels are also the most heavily traded reef fish in MOFT [33], [34], which makes 
its selection as model species highly relevant in the context of cyanide fishing [14]. 
4.3.2. Acclimation to laboratory conditions 
Thirty C. viridis specimens [35.0 mm total length ± 4.4 mm of standard error (SE) and 
1.03 g wet weight ± 0.2 g (SE)] were acquired from a reliable marine aquarium wholesaler 
(TMC Iberia, Portugal) assuring all fish tested had no previously record of cyanide 
exposure. Subsequently, fish were transported to the aquatic facilities of Laboratório 
Marítimo da Guia (Cascais, Portugal), within thermal insulated containers and under 
oxygen saturated conditions. Upon arrival, fish were transferred into a life support system 
(LSS), filled with filtered (0.35 µm) natural seawater (NSW), comprising a total volume of 
400 L. The LSS acclimation tank was equipped with a submergible seawater pump 
(Turbelle® nanostream - 6025, Tunze®), in order to provide seawater circulation (2500 L 
h−1), within the tank. Artificial illumination (150 W, 10.000 K - Sylvania®) was provided 
under a 12 h/12 h (light/dark) photoperiod. The LSS was equipped with biological 
(ouriço®, Fernando Ribeiro Lda, Portugal) and mechanical (50 µm, TMC Iberia, Portugal) 
filtration, with additional protein skimming (V2Skim 600, TMC Iberia, Portugal). Seawater 
disinfection was performed by means of a germicidal UVC device (V2ecton 600, TMC 
Iberia, Portugal). Seawater temperature was controlled by means of submergible digital 
heaters (± 1 °C, 300 W, V2Therm, TMC Iberia, Portugal) and chillers (± 0.5 °C, HC-
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500A, Hailea, PRC). Monitoring of pH and temperature was performed automatically, 
every 2 seconds (Profilux 3.1, GHL, Germany). Additional temperature (TFX 430 
Thermometer, WTW GmbH, Germany) and pH (SG8 – SevenGo pro™ pH/Ion meter, 
Mettler-Toledo International Inc., Switzerland) monitoring was performed, using portable 
equipment’s. Salinity was daily checked, by means of a handheld refractometer (V2 
refractometer, TMC Iberia, Portugal) and kept at 35 ± 1. Ammonia, nitrite and nitrate 
levels were daily checked by means of colorimetric test kits (Salifert Profi Test, Holland) 
and kept below detectable levels, with the exception for nitrate (<5-10 mgL−1). 
Laboratory acclimation was performed for 15 days, with fish being stocked at 26 °C ± 
0.2 and a pH of 8.1 ± 0.1 and being fed ad libitum 4x a day with a commercial frozen feed 
(Mysis, TMC Iberia, Portugal). 
4.3.3. Thermal acclimation 
Following the initial 15-days period of laboratory acclimation, fifteen randomly sampled 
C. viridis were transferred into another LSS (identical to the one described above) and 
stocked at a temperature of 29 ± 0.2 °C imitating the expected water temperature increase 
in the home-range of the species. With the exception of water temperature (which was kept 
at 26 and 29 ºC), the two groups of fifteen fish remained under identical stocking 
conditions for 30 days, with all other parameters being identical to the description provided 
above for laboratory acclimation. 
4.3.4. Pulse-exposure to cyanide 
Following the 30 days of thermal acclimation, seven specimens from each water 
temperature (control (26 °C) and warming (29 °C)) were randomly selected to undergo 
pulse-exposure to cyanide following four different steps: 1) exposure bath, 2) first cleaning 
bath, 3) second cleaning bath and 4) recovery bath. Seven other fish specimens from each 
water temperature were used as a control, mimicking all 4 steps associated with the pulse-
exposure to cyanide, but with no cyanide being used (fish were solely exposed to 
seawater). Pulse exposure steps were as follows: 
Exposure bath: each of the seven fish specimens selected from each stocking water 
temperature to be pulse exposed to cyanide was hand-net collected and dipped for 60 s into 
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a 2-L glass tank filled with seawater at 26 or 29 ºC and 25.0 mgL−1 of CN−. Individual 
stock solutions of Sodium Cyanide - NaCN (97% purity; Sigma-Aldrich, St. Louis, MO, 
USA) with a CN- concentration of 10.00 g L−1 were prepared by dissolving 0.37666g of 
NaCN in 20 mL of distilled water and Vortex for (60 s). To avoid differences in CN- 
concentrations through evaporation, a fresh exposure bath solution was prepared 
immediately before each fish exposure by adding 5.7 mL of the stock solution to 1.995 L 
of seawater. The concentration of CN− selected to perform the pulse-exposure performed 
in the present study was based on the work by Hanawa et al. [19], as it acknowledged as 
suitable procedure to mimic cyanide poisoning as practiced to collect live reef fish from 
Indo-Pacific coral reefs. All other procedures (including the duration of pulse exposure – 
60 s) were according to Vaz, et al. [20]. Seven fish stocked at 26 or 29 ºC were also 
subjected to the same exposure procedure, but with no CN- being present in the water. 
Cleaning and recovery baths: Immediately after the exposure bath all fish were hand net 
transferred for 60 s to the first cleaning bath, a 2-L glass tank filled with clean seawater at 
26 or 29 ºC (depending on the original stocking temperature of each fish), with this 
procedure being repeated a second time for all fish (second cleaning bath). At the last post-
exposure step, the recovery bath, all fish were hand net transferred to another 2-L glass 
tank filled with clean seawater connected to a sump (25 L capacity) equipped with a 
recirculating water pump (Eheim® 1262, 3400 L h−1) and 300 W submersible heater 
(Eheim® Jäger) adjusted at 26 ± 0.5 °C or 29 ± 0.5 °C, depending on the original stocking 
water temperature, where they remained for a total of 40 minutes. Each glass jar in the 
recovery bath was equipped with an air stone to provide gentle water aeration, until all fish 
recovered their swimming capabilities (Please refer to Figure 10 for a schematic 
representation of the experimental procedures). 
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Figure 10. Representing the fish experimental groups division with F26 = Fish group acclimated under 26 ℃ 
and no exposed to cyanide; CN26 = Fish group acclimated under 26 ℃ and pulse exposed to cyanide at a 
concentration of 25 mgL-1; F29 = Fish group acclimated under 29 ℃ and no exposed to cyanide; CN29 = 
Fish group acclimated under 29 ℃ and pulse exposed to cyanide at a concentration of 25 mgL-1. *Bath water 
temperatures set in accordance to the group treatment. 
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Overall, a total of 4 experimental groups (each with 7 specimens of C. viridis) were 
formed: 
1) Fish stocked at present day seawater temperature (26 ºC) and pulse-exposed to clean 
NSW free of cyanide poisoning (F26); 
2) Fish stocked at present day seawater temperature (26 ºC) and pulse-exposed to cyanide 
poisoning (CN26); 
3) Fish stocked at present day seawater temperature (29 ºC) and pulse-exposed to clean 
NSW free of cyanide poisoning (F29); and 
4) Fish stocked under the seawater warming scenario (29 ºC) and pulse-exposed to cyanide 
poisoning (CN29); 
The two fish (one stocked at 26 °C and one at 29 °C) that were not employed on the 
exposure procedures were used to perform a preliminary trial to adjust the swimming 
tunnel test (SWT) set methodology, as better detailed in the next section.  
4.3.5. Swimming performance  
To ideally evaluate the stressors effects on fish swimming progress under laboratorial 
conditions, an equipment in which water velocity can be controlled must be selected. 
Aiming to supply this need, in association to minimize the specimen manipulation, and, 
consequently, its stress, the swim tunnel systems allows a close observation of individual 
fish capacities and behavior giving access to all stages of the swimming performance [22]. 
Following cyanide pulse exposure, individually, all 28 C. viridis specimens were submitted 
to the swim tunnel test (SWT). The equipment (10 L swim tunnel - Loligo®Systems) was 
composed by one-unity of clear acrylic Plexiglas subdivided into two major areas: i) Swim 
tunnel exterior part (Bath Area), where all equipment and sensors responsible for water 
replacement and temperature maintenance were placed; and ii) Swim tunnel interior part 
(Test Area), composed by a fish chamber of 40x10x10 cm dimension where the fish was 
placed for assessment of its swimming performance and connected to a fiber optic probe 
for O2 measurements and pH monitoring. For a better comprehension, the equipment is 
schematically represented in Figure 11. 
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Figure 11. (a) Swim tunnel equipment side view composed by (A) one-piece-unit swim tunnel respirometer 
associated to an (B) external pump for water re-circulation; a (C) water speed controller; and (D) an external 
water tank equipped with a submersible pump to provide clean saltwater return (though a flow-through) 
(Turbelle® nanostream - 6025, Tunze®) and a 300 W heater (Eheim® Jäger) for temperature maintenance. 
(b) System top view identifying the TEST AREA, composed by a fish chamber connected to a O2 Fiber 
Optic Sensor (Loligo®Systems) for O2 and pH determinations; and the BATH AREA, where all equipment 
and sensors responsible for water replacement and temperature maintenance were located (Temperature 
Probe °C (Loligo®Systems) surrounding the test area, a submersible heater and an submersible pump for 
water flush (same specifications as above presented); (A) indicates the top view of the swim tunnel unit set 
and; (B) the external pump (both also represented in system side view. 
For each test, the swim tunnel system was overflow-filled with NSW pretreated (as above 
previously described) and at 26 °C or 29 °C, regarding the fish treatment. The water 
parameters (temperature, oxygen, pH and salinity) were checked prior start and at the end 
of all tests, only accepting values of ± 1.0 °C for water temperature (26 °C or 29 °C); 35 ± 
1.0 for salinity; 8.1 ± 0.3 for pH; and O2 above 5.3 mg L-1 (70% saturation limit). 
Whenever the obtained values were outside the acceptance range, the swim system was 
fluxed until complete purification. This procedure was adopted in order to avoid further 
interferences on fish metabolism promoting their shift to an anaerobic activity. Prior the 
swim test assessment (SWT) start, all fish were allowed to acclimate inside the fish 
chamber for 30 min.  
4.3.6. Trial experiment procedures and SWT methodology set definition  
Simulating the constrains naturally imposed to the fish during their swimming activity, and 
differing between each other by time, fish progress in water is divided into sustained, 
prolonged, and burst performances. Sustained studies are applied to those speeds in which 
fish can swim for long periods without resulting in muscular fatigue (greater than 200 
minutes) representing a daily swim performance, while burst performances are indicated 
for studies with an unsteady swim initial phase followed by a sprint acceleration (lasting 
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less than 20 seconds). Prolonged studies are frequently used to determine the maximum 
swim velocity fish could maintain for a precise time period (critical swim speed). Because 
at this category the experiment must to end in fish fatigue, and because present shorter 
durations (between 20 seconds and 200 minutes), this study is exclusively employed under 
laboratorial conditions [22]. In addition, for all three studies to assess fish swim 
information through the swim tunnel system, and in accordance to Tierney, et.al. [35], a 
swim methodology set (composed by steps high, duration time and velocity) must be 
adjusted in accordance to best species fit. Following this trend and aiming to define the 
best SWT set for our specie (C. viridis), the trial experiment was performed as follows: 
Individually, the two fish selected to perform the trial test (one fish stocked at 26 °C and 
one at 29 °C) were consecutively submitted to full swim rounds (round 1 and 2) until reach 
complete exhaustion (allowing the calculation of Ucrit).  
The first round target the best fish performance at the total swim activity. Even aware that 
C. viridis do not present a migration behavior, but considering its intrinsic strong 
swimming capability, the swim evaluation initially aimed to achieve the sustained 
performance (with time superior to 200 minutes long). However, fish stocked at 26 °C only 
accomplished 117 minutes, while fish at 29 °C swam for 87 minutes prior exhaustion, 
fitting only in the prolonged swim performance approach. The increase of velocity adopted 
in this assessment were calculated according to the total fish body length (steps height) and 
in accordance to the fish swim stability prior velocity increase (steps duration), as also 
suggested by Tierney’s work [35]. The best swim response was obtained through a gradual 
and constant velocity increase, as will be later on better detailed in this work and is 
schematic represented in Figure 12.  
Round two targeted only burst swim performance, with the test starting at the maximum 
velocity speed achieved by the fish (prior critical swimming speed (Ucrit) velocity observed 
at round one) and also ending upon fish exhaustion.  
Between round 1 and 2, the fish were allowed to rest inside the fish chamber with water 
flow set at velocity zero for 40 minutes, as suggested by the methodological work here 
based [35]. However, even after increasing the resting time (first to 60 and again, to 120 
min) both fish tested refused to swim. Domenici and Blake [36] makes reference to the 
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burst performance as a useful tool to obtain maximum fish swim speed in a short-term time 
answer, simulating the scape from predators and from fishing, as observed in wild. 
Although, Beamish [22] claims that prolonged and sustained tests are the most 
recommended to assess all swim information. In order to avoid fish overstress and 
eventually data loss, in this work the total swimming activity through the prolonged swim 
performance was the only criteria was adopted.  
4.3.7. Swim tunnel test (SWT) experimental procedures 
Individual physiology, energetics, behavior, biomechanics and kinematics are factors 
commonly evaluated at the fish swim performance and can be interpreted according to the 
investigation approach [35]. 
In this study, as individual physiology (A) we consider the O2 consumed by fish during 
SWT and at the routine metabolic rate (RMR) and maximum metabolic rate (MMR) 
determinations; as energetics and kinematics (B) we consider the critical swimming speed 
(Ucrit) achieved by each fish in addition to the swim time spent, velocities steps and 
distance accomplished prior Ucrit point; and as biomechanics and behavior (C) the 
opercular movements (OM) and the swim area preferred inside the fish chamber during the 
assessments. Following the guide line defined at the trial experiment, prior analysis, all 
fish tested were allowed to acclimate inside the swim tunnel for 40 minutes. The SWT 
methodology set for access the prolonged swim performance of the 28 C. viridis specimens 
tested (Figure 12), as the methodologies adopted to determine the OM beets and fish 
positioning inside the swim tunnel chamber (Figure 13) are summarized as follows: 
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Figure 12. Swim tunnel test (SWT) methodology set employed to access the prolonged swim performance of 
28 specimens of C. viridis. Principal velocities steps [Vplat 01 (V 100 mm/s); Vplat 02 (V 200 mm/s); Vplat 
03 (V 300 mm/s); Vplat 04 (V 400 mm/s); Vplat 05 (V 500 mm/s); and Vplat 06 (V 600 mm/s;)] associated 
to Secondary velocities steps [Vramp 01 (20 mm/s; 40 mm/s; 60 mm/s; 80 mm/s; and 100 mm/s); Vramp 02 
(120 mm/s; 140 mm/s; 160 mm/s; 180 mm/s; and 200 mm/s); Vramp 03 (220 mm/s; 240 mm/s; 260 mm/s; 
280 mm/s; and 300 mm/s); Vramp 04 (320 mm/s; 340 mm/s; 360 mm/s; 380 mm/s; and 400 mm/s); Vramp 
05 (420 mm/s; 440 mm/s; 460 mm/s; 480 mm/s; and 500 mm/s); Vramp 06 (520 mm/s; 540 mm/s; 560 
mm/s; 580 mm/s; and 600 mm/s)] were perform until fish exhaustion. Critical swimming speed (Ucrit) was 
calculated through the equation [ui + ((ti/tii) x 10) = Ucrit)], where ui (cm) represents the highest velocity 
accomplished in the assessment, ti the time (min) fish swam at the exhaustion velocity and tii (min) the 
prescribed time for swimming under the fatigue velocity. Routine Metabolic Rates (RMR) and Maximum 
Metabolic Rates (MMR) were also evaluated through the relation of oxygen consumption, total swim time 
and fish individual features (wet weight). 
 
Figure 13. Methodology employed to measure the opercular movements beets (OM) and to identify the fish 
swim house preferred (Chamber positioning) during the swim tunnel test (SWT), Routine Metabolic Rates 
(RMR) and Maximum Metabolic Rates (MMR) measurements, with T0 representing the RMR, T10 to T120 
the SWT, and TF the MMR evaluations. 
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F) Individual physiology 
To assess the total O2 consumed by fish during the SWT, as at the RMR and MMR, in this 
trial we considered as initial the O2 values obtained prior the test start (when the swim 
tunnel was properly sealed impelling O2 exchange) and as final, the O2 values measured 
immediately when the trial ended. The difference between the O2 initial and final values, 
representing the O2 consumed, were calculated through the equation [O2 = (initial O2) - 
(final O2)] for RMR (performed for 30 minutes with the fish inside the chamber and tunnel 
set at velocity zero), for SWT prolonged performance and for MMR (starting after fish 
reached exhaustion and under same conditions adopted at RMR). O2 measurements were 
obtained in seconds and converted to minutes, for better comprehension. Individual oxygen 
consumption (to all three O2 determinations (RMR, SWT and MMR)) were individually 
recorded to all fish tested and correlated to the fish individual features through the equation 
(O2/Kg/h), where O2 refers to the oxygen value measured, Kg to fish weigh and h to the 
time span in which oxygen was measured. In addition, the slope between the metabolic 
rates were calculated to all fish tested and obtained through the equation [Slope = (MMR 
O2 consumed) - (RMR O2 consumed)].  
G) Energetics and Kinematic  
The speed analysis was obtained through the critical swimming speed determination (Ucrit) 
(calculated through the equation [ui + ((ti/tii) x 10) = Ucrit)], where ui (cm) represents the 
highest velocity accomplished in the assessment, ti the time (min) fish swam at the 
exhaustion velocity and tii (min) the prescribed time for swimming under the fatigue 
velocity) correlated to the maximum time and velocity and distance accomplished by each 
fish tested. As schematic represented in Figure 12, and in regards to the trial results 
obtained, the prolonged swim was assessed by steps of velocity acceleration (Vramp) 
followed by constant velocity steps (Vplat) until fish exhaustion (been followed by the Ucrit 
determination). A set with 30 velocities were defined in accordance to the fish body total 
length, where the velocity increase was equal 20 mm (approximately half of the fish total 
body length). Divided into Principal and Secondary’s, among the velocities selected, 6 of 
24 were chosen to compose platforms steps within constant velocity (Principal), while the 
remain to reproduce a constant acceleration ramp (Secondary). Principal velocities (6 
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platforms) were represented by 100 mm high and 15 minutes steps, with Vplat 01 (V 100 
mm/s); Vplat 02 (V 200 mm/s); Vplat 03 (V 300 mm/s); Vplat 04 (V 400 mm/s); Vplat 05 (V 
500 mm/s); and Vplat 06 (V 600 mm/s;). Secondary velocities presented a group of five 
steps, with 20 mm high and 1minute long, for each Principal velocities platform, as: [Vramp 
01 (20 mm/s; 40 mm/s; 60 mm/s; 80 mm/s; and 100 mm/s); Vramp 02 (120 mm/s; 140 
mm/s; 160 mm/s; 180 mm/s; and 200 mm/s); Vramp 03 (220 mm/s; 240 mm/s; 260 mm/s; 
280 mm/s; and 300 mm/s); Vramp 04 (320 mm/s; 340 mm/s; 360 mm/s; 380 mm/s; and 400 
mm/s); Vramp 05 (420 mm/s; 440 mm/s; 460 mm/s; 480 mm/s; and 500 mm/s); Vramp 06 
(520 mm/s; 540 mm/s; 560 mm/s; 580 mm/s; and 600 mm/s)]. The Secondary velocities 
were proposed in order to allow a lightly speed increased though a constant acceleration 
principle (CAT∆). For all fish tested the initial velocity was equal zero, followed by Vramp 
01 (Secondary), Vplat 01 (Principal); Vramp 02 (Secondary), Vplat 02 (Principal), 
successively, until complete stop of the fish swim activity (Exhaustion Point).  
H) Biomechanics and Behavior  
As represented in Figure 13, opercular movements (OM) were direct observed for 30 s, 
several times along the acquisition of the swim assessment data (SWT, RMR and MMR). 
OM observations comprised all stages of fish swimming, from under stress (acclimation 
period) and fatigue (Ucrit and MMR) to resting periods (RMR). In addition, the OM 
observations randomly included periods before setting a new velocity and/or right after the 
velocity increased (Vramp), as when the fish displayed a swim activity well stabilized 
(Vplat), aiming to represent all stages and challenges of a daily swimming activity. 
Individually determined to all 28 fish specimens tested, the OM values were interpreted 
and, for a better comprehension, at RMR and MMR an average data for OM 
determinations was performed (considering only one numerical value for fish for the 30 
minutes total observation). Subsequently, at the SWT, the OM measurements were 
subdivided into 10 minutes slots (in regards to the observation time) and averaged, also 
resulting in one numerical value by fish and by slot time (T0, T10, T20, T30, T40, T50, 
T60, T70, T80, T90, T100, T110 and T120). During OM observations, all C. viridis swim 
behavior under laboratory conditions and at the SWT prolonged approach (by a constant 
and direct observation) were evaluated and cross validated through video records. In 
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addition, for each opercular measurements, the fish positioning inside the fish chamber 
was also recorded aiming to illustrate their preferred area for swimming activity. 
4.3.8. Statistical analysis 
R software (R Development Core Team 2013) was used to analyze and compare all data 
results. The existence of significate differences in Oxygen Consumption (O2) as in the 
Total Velocity (Velocity m/s) achieved by the fish were calculated through a two-way 
factorial ANOVA, with cyanide exposure and temperature being used as the independent 
categorical factors. ANCOVA was used to compare interspecific differences between 
individual O2 consumptions, being calculated using fish weight as the covariant value. 
Routine Metabolic Rates (RMR) and the Maximum Metabolic Rates (MMR) with 
respective slopes were calculated according to Motulsky and Christopoulos (2003). 
Assumptions of normality and homogeneity of variance were checked prior to analysis 
through the Shapiro-Wilks and Levene test, respectively. Whenever significance was 
accepted, at P < 0.05, the Tukey multiple comparison test was used for pairwise 
comparison of means [37]. Resume tables of all statistical analysis are available as 
Supplementary Table 5.  
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4.4- Results 
All fish tested displayed different swimming abilities, as represented in Figure 14. Fish 
non-exposed to CN- and acclimated under 26 °C (F26) were capable to sustain their swim 
activity for longest (presenting muscular fatigue only at 108.29 minutes (average)). While 
fish from experimental group F26 displayed the lowest time variation among the seven fish 
tested (maximum swim duration of 117.7, and minimum of 97.97 minutes), in all other 
groups an increase of variation was detected, inferring an individual organism response to 
the stress factors investigated (cyanide poisoning and temperature increase). Fish pulse-
exposure to CN- and acclimated under same temperature (26 °C) (CN26), accomplished 
only 58.31 minutes swim average (within 77.23 as the highest value and 45.33 minutes as 
the minimum time spent to perform this activity), slightly similar to the seven fish non-
exposed to CN- and acclimated under 29 °C (F29) (74.69 minutes swam with 88.67 as 
maximum and 59.35 as minimum values obtained). This similarity suggests that cyanide 
exposure and water temperature increase, when individually analyzed, may display a 
similar influence on fish swim time. The combination of those two scenarios (cyanide 
exposure and temperature increase) was tested in the experimental group composed by fish 
pulse-exposed to CN- and acclimated under 29 °C (CN29), and the obtained results 
demonstrate a significant commitment of the fish swim performance in all aspects 
investigated (as also detailed in the following analysis). Specifically, in what concerns fish 
swimming time, fish from this experimental group (CN29) accomplished the lowest time 
(43.31 minutes swim average), with only one fish swimming at 59.35 (maximum value), 
and 29.02 minutes as minimum (the lowest value recorded in this trial). 
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Figure 14. Individual O2 consumption in regards to the fish weight (obtained through the equation (O2/Kg/h), 
where O2 refers to the oxygen value measured, Kg to fish weigh and h to the time span during oxygen 
measurements) obtained during the SWT prolonged performance and represented according to the time swam 
(min). In accordance to the respective experimental group, F26 represents the fish group acclimated under 26 
 and non-exposed to cyanide; CN26 the fish group acclimated under 26  and pulse-exposed to cyanide at 
a concentration of 25 mgL-1; F29 the fish group acclimated under 29  and non-exposed to cyanide; and 
CN29 the fish group acclimated under 29  and pulse-exposed to cyanide at a concentration of 25 mgL-1. 
For schematic representation O2 values are divided by 107 (x/1E + 07). 
Oxygen consumption (in this work evaluated as individual physiology and schematically 
represented above) revealed to be more correlated to the increase of temperature and 
cyanide exposure than to the time spent performing the swimming activity. During the 
SWT prolonged assessment, fish swam for different duration times and the demand of O2 
by fish acclimated under 29 °C and pulse-exposure to CN- (CN29) was higher than in all 
others experimental groups tested (even with CN29 presenting the lowest swim time 
recorded in this assay). CN29 oxygen consumption during the SWT averaged in 0.69 
mg/L, while fish non- exposed to CN- and acclimated under same temperature (29 °C 
(F29)) consumed 0.51 mg/L of O2. Fish pulse-exposed to CN- and acclimated under 26 °C 
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(CN26) spent 0.28 mg/L of O2, while fish non-exposed to CN- and acclimated under same 
temperature (26 °C (F26)) presented an O2 consumption of 0.43 mg/L. This influence was 
also corroborated by the metabolic results (RMR and MMR) and is expressed by their 
respective slope in Figure 15 (in which the fish groups acclimated under 29 °C presented 
higher metabolic differences (between 9 to 10.5 x 107 mg/L of O2) than the fish under 26 
°C (between 3 to 5 x 107 mg/L of O2)). However, even assuming the O2 values must vary 
from fish to fish (considering the O2 intake rate is completely dependent of individual 
organism conditions [38]), our results demonstrate that both factors evaluated in this work 
(temperature and cyanide exposure) presented a significant influence on the quantity of O2 
intake during the swimming activity (P > 0.001) (see Supplementary Table 5). 
 
Figure 15. Slope determined between the Routine Metabolic (RMR) and Maximum Metabolic Rates (MMR) 
(MMR – RMR) and represented by experimental group (with F26 composed by the fish acclimated under 26 ℃ and non-exposed to cyanide; group CN26 by the fish acclimated under 26 ℃ and pulse-exposed to cyanide 
at a concentration of 25 mgL-1; group F29 by the fish acclimated under 29 ℃ and non-exposed to cyanide; 
and  group CN29 by the fish acclimated under 29 ℃ and pulse-exposed to cyanide at a concentration of 25 
mgL-1. For schematic representation all O2 values are divided by 107 (x/1E + 07). 
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Another factor that has been demonstrated to interfere on O2 consumption was the increase 
of velocity speed. Considering that the velocity was equal zero at the metabolic rates 
determination, when the O2 demand is compared between the assessments (SWT, RMR 
and MMR), at SWT O2 displayed a variation from time to time (usually increasing when 
the swim speed was increased), resulting in a higher consumption than in the others 
assessments performed (RMR and MMR). Following this trend line and under the 
energetics and kinematic approaches, the velocity analysis considered the Ucrit, the total 
distance and the maximum velocity accomplished by fish and by time (note that the 
velocity is dependent of the swim time, as previously referred in Figure 12). Figure 16 
comprises the velocity obtained results evidencing the increase of temperature and cyanide 
pulse-exposure (P > 0.001). Fish at F26 presented an average speed of 560 mm/s, within 
four of seven fish reaching 600 mm/s maximum velocity and critical swim velocity (Ucrit) 
averaged in 635 mm/s-1. Maximum distance accomplished during the SWT assessment was 
of 4.23 km (3.72 km group average), representing the experimental group with best 
swimming performance among all tested. F29 arrives in second place, with fish displaying 
an average speed of 410 mm/s (with two fish at 500 mm/s), a Ucrit averaged in 469 mm/s-1, 
and a maximum distance of 2.66 km (1.89 km average). Fish at the group CN26 presented 
240 mm/s average speed (with two fish at 300 mm/s), a Ucrit averaged in 376 mm/s-1, 
accomplishing a maximum distance of 1.85 km (1.18 km group average). At the last, fish 
at the experimental group CN29 clearly presented the most reduced ability of speed among 
all others specimens tested, with 248 mm/s speed, 328 mm/s-1 Ucrit and 0.68 km distance 
(group average). 
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Figure 16. Velocity accomplished during the SWT prolonged assessment with F26 representing the fish 
group acclimated under 26  and non-exposed to cyanide; CN26 the fish group acclimated under 26  and 
pulse-exposed to cyanide at a concentration of 25 mgL-1; F29 the fish group acclimated under 29  and non-
exposed to cyanide; and CN29 the fish group acclimated under 29  and pulse-exposed to cyanide at a 
concentration of 25 mgL-1. Critical swimming speed (Ucrit) was calculated through the equation [ui + ((ti/tiii) x 
10) = Ucrit)], where ui. represents the highest velocity accomplished in the assessment, ti the time (min) fish 
swam at the exhaustion velocity and tiii the prescribed time for swimming under the fatigue velocity. 
For Opercular Movements (biomechanics and behavior evaluations), most likely due fish 
fatigue, at the Maximum Metabolic Rates (MMR) assessment, to all experimental groups 
observed, the beets frequency increased in about 50 % when in comparison to the values 
obtained at the Routine (RMR) assessment. At the SWT, as can be observed in Figure 17, 
fish acclimated under 29 °C displayed a significantly higher number of opercular 
movements than fish at 26 °C (P < 0.01) evidencing an acceleration promoted by 
temperature. In addition, no significant differences were recorded in regards cyanide pulse-
exposure (P > 0.05) (see Supplementary Table 5). When fish non-exposed to CN- (F26 
and F29) are compared to fish pulse-exposed to CN- (CN26 and CN29), the OM results 
demonstrate that CN- display a physical influence on the beets (increasingly in number of 
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movements by time). In fish, oxygen intake is performed by the opercular beets frequency 
(biomechanics) and the influence of temperature in fish respiration is a well discussed 
subject in the literature [38] – [41]. Cyanide effects are also intimately correlated to the 
respiration process, impelling the oxygen to bound to the cytochrome oxidase, a key 
mitochondrial enzyme responsible for the electron transport chain in vertebrates [42]. 
Moreover, CN- also affects the fish nervous system producing an “anesthetic” visual effect 
on fish until its total recovery [9], thus, may justifying the small number of beets frequency 
when in comparison to the temperature factor. In addition, fish swim position inside the 
chamber followed the same trend line. While very active specimens swam near to the 
beginning of water flow director (1) (e.g. experimental group F26), fatigued specimens 
resisted the flow in the last position of the fish chamber (3) (e.g. experimental group 
CN29). Corroborating to this tendency and in accordance to the fish experimental groups, 
the fish preferred area for swim performance at the assessments were mainly: RMR - 
position 01 (F26); position 2 (CN26 and F29) and position 3 to CN29; SWT - position 01 
(F26); position 2 (CN26) and position 3 (F29 and CN29); and MMR - position 02 (F26) 
and position 3 to all other experimental groups (CN26, F29 and CN29). Note that RMR 
simulated fish steady state, SWT the swim prolonged performance and MMR the state 
post-fatigue. 
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Figure 17. Opercular Movements and Fish Positioning through time at SWT (swim tunnel test), RMR 
(routine metabolic rates) and MMR (maximum metabolic rates) determinations. At the SWT assessment, 
opercular observations were performed for 30 seconds with respective results represented in slots of 10 
minutes (SWT from T0 to T120). At RMR, as at MMR, opercular observations were also performed for 30 
seconds during the entire assessments (30 minutes duration each) and the obtained results are average 
represented. Individually, all 28 C. viridis were analyzed during SWT, RMR and MMR determinations with 
results represented according to the fish experimental group with F26 representing the fish group acclimated 
under 26  and no exposed to cyanide; CN26 the fish group acclimated under 26  and pulse-exposure to 
cyanide at a concentration of 25 mgL-1; F29 the fish group acclimated under 29  and no exposed to 
cyanide; and CN29 the fish group acclimated under 29  and pulse-exposure to cyanide at a concentration 
of 25 mgL-1.  
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4.5- Discussion  
This work provides, for the first time, a detailed evaluation on the combined effect of 
cyanide poisoning and temperature increase on a coral reef fish swimming performance 
through a prolonged swim test. As previously referred, C. viridis is described as a reef fish 
species with high potential for swim performance [24] and our trials support this 
description. Control fish (free of cyanide poisoning and maintained at 26 °C) swam 
uninterruptedly for 1½ hours accomplishing more than 4 km distance, and, for about 17 
minutes, were capable to sustain a speed of 600 mm/s (17 times higher than the fish total 
body length of 35 mm). However, when exposed recovered from a pulse-exposure to 
cyanide (as detailed in Figure 12), under present temperature conditions, as well as in the 
warmer oceans of tomorrow, fish swimming performance was negatively impacted. 
Metabolic stress, as a direct effect of chemical pollution [43], [44] and/or temperature 
increase [3], [28], [45], [46], have been previously investigated in coral reef fish 
populations and this work obtained results corroborate to their observations. Data retrieved 
from experimental groups CN26 (with fish pulse-exposed to 25 mgL-1 of CN- and 
acclimated under 26 °C) and F29 (non-exposed to cyanide and acclimated at 29 °C), when 
compared to fish non-exposed to cyanide and maintained at 26 °C (experimental group 
F26), show that cyanide exposure and ocean warming will impact several aspects of C. 
viridis swimming activity. From individual physiology (evaluated through the levels of 
oxygen intake to complete the prolonged swim test and metabolic rates assessments, as 
represented in Figures 5 and 6), to energetics and kinematics (Figure 16), fish displayed an 
increase in O2 demand, followed by a reduction of swim time, speed and total distance 
accomplished. Biomechanics and behavioral were also impacted. The increase in the 
frequency of opercular beets, along with the shift in fish positioning inside the chamber 
(changing from position 01 (verified as preferred for fish at the experimental group F26) to 
positions 02 (CN26) and 03 (F29) indicates a loss of swimming capacity most likely due to 
a difficulty in breathing and consequent energetic depression (expressed by the fish 
fatigue). In what concerns O2 analysis, the increase in water temperature appeared to be 
more impacting than cyanide pulse-exposure itself, while at the speed determination, 
cyanide poisoning the more impacting factor. Nonetheless, both factors presented a 
significant interaction (see Supplementary Table 5) and thus the effect of both variables 
cannot be analyzed per se. Following this approach, fish simultaneously submitted to both 
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stressors (pulse-exposure to 25 mgL-1 of CN- and acclimated at 29 °C –CN29), spent 60% 
more oxygen to swim half of the time than conspecifics from treatment F26 (while CN29 
spent 0.69 mgL-1 O2 during 43 minutes of swim, fish at F26 spent 0.43 mgL-1 O2 over 108 
minutes). In addition, fish from experimental group CN29 accomplished the lowest critical 
velocity speed recorded in this trial (a Ucrit of 320 mm/s-1) and demonstrate an 
unquestionable behavioral and biomechanics difference (when in comparison all other 
experimental groups tested). Fish from CN29 were unable to resist the water flow and only 
swam in the last position of the fish chamber (3). Moreover, during this evaluation, most of 
the specimens displayed a shift in their tail color into red (indicating a local increase in 
blood irrigation), a more frequent loss of swimming balance and a higher speed of 
opercular movements followed by brief slow speeds of heavy breathing. It is important to 
highlight that no other experimental group displayed all these effects together, reinforcing 
the swimming performance was certainly most affected in fish from CN29. In this work all 
the obtained results demonstrate that cyanide exposure and temperature play an important 
role on fish individual physiology significantly impacting the respiration process 
(expressed by O2 consumption), in accordance to [46]. Energetic, kinematics and 
biomechanics were also severe affected and, as a direct consequence, all those shifts are 
reflected straight on the fish behavior [28]. 
As already discussed in this work, cyanide fishing process is responsible for the death of 
many collected specimens (upon their capture and/or at their final mini-reefs-ecosystem 
destination [9], [13]), representing, thus, a reason strong enough to support the banishment 
of the activity. Considering that ocean warming is likely to be an unavoidable threat to 
coral reefs [23] and that cyanide fishing remains one of the most impacting activities 
negatively affecting Indo-pacific coral reefs [47] – [49], our results demonstrate that when 
combined, both threats can severely affect fish physiology and swimming performance. If 
we aim to partly minimize the undesirable effects that ocean warming will have on Indo-
Pacific reef fish populations, it is paramount to immediately stop cyanide fishing. The 
present study shows that by failing to effectively ban cyanide fishing from coral reefs the 
destructive impacts of this illegal practice will be magnified in the warmer oceans of 
tomorrow. 
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4.7- Appendices 
 
 
Supplementary Figure 3. Oxygen individual consumption at the SWT prolonged assessment. 
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Supplementary Figure 4. A) Routine Metabolic Rates (RMR) and B) Maximum Metabolic Rates (MMR) Oxygen consumption results. 
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Supplementary Table 5. Statistical Analysis.  
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5.1- Abstract 
Cyanide fishing remains a common and destructive technique to capture live reef fish 
adopted by the Indo-pacific countries. Ocean warming, therefore, is an eminent threaten to 
all coral reefs ecosystems. Assuming that at high temperatures, as at cyanide poisoning, the 
fish respiration process is severe affected, in this work, the oxidative stress effects through 
the measurement of antioxidant enzymes activities were evaluated. Catalase (CAT), 
Superoxide dismutase (SOD) and Glutathione S-transferase (GST) were determined in the 
gills, liver and brain of 20 green damsel fish (Chromis viridis) acclimated under two 
temperatures scenario (26 °C and 29 °C, respectively) and pulse-exposure to two solutions 
1) Free of cyanide and 2) Containing cyanide poison at 25 mgL-1. The obtained results 
demonstrated that if cyanide exposure compromises the antioxidant enzymes activities, the 
increase in water temperature severely enhance its effects. Both factors displayed a highly 
significant influence on SOD activity, followed by an inhibition on CAT and GST in all 
tissues analyzed. Cyanide effects followed the contaminant via in the organism, 
compromising first the gills (entrance point), the liver (detoxification organ) and lastly, the 
brain. This work demonstrates that an oxidative stress stage on an emblematic Indo-pacific 
coral reef fish (Chromis viridis) can be triggered by cyanide poisoning, as by the 
temperature increase and if the cyanide effects are currently unpleasant, under the warming 
scenario foreseen to 2100 (IPCC (2014) of +3 ºC), they may reach immensurable 
proportions. 
 
Keywords: Oxidative stress in fish, marine ornamental, cyanide fishing, ocean warming 
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5.2- Introduction 
Widely used in ecotoxicological studies, biomarkers are still a very helpful tool to assess 
environmental risks and model expected consequences on populations [1] – [3]. Classified 
as “markers of exposure, effect and susceptibility” by The World Health Organization [4], 
biomarkers analysis allows identifying toxicants route, their distribution between tissues of 
target organisms and associate physiologic effects to the compounds being investigated 
[5]. From the clarification of the compound toxicokinetics to its assimilation and effects on 
target organisms, the results obtained can also be extrapolated to whole populations, thus 
reinforcing the high ecological relevance of biomarkers in environmental studies [6]. 
Furthermore, fish are by far the most popular vertebrate group used in environmental 
studies, as they play a key role in the clarification of toxicants potential risk to aquatic 
environments [7]. 
Despite several efforts, cyanide fishing remains a common practice to capture live reef fish 
in Indo-Pacific coral reefs and continues to cause an indiscriminate mortality among target 
and non-target species [8]. Due to the mixture of NaCN (Sodium cyanide) or KCN 
(Potassium cyanide) with seawater, hydrogen cyanide (HCN) is formed, releasing cyanide 
ion (CN-) [9]. Stunned by CN-, fish is leaded to the water surface, facilitating its capture 
[10]. Therefore, HCN is a powerful fast-acting toxicant that inhibit cytochrome c oxidase 
(COx) normal activity by binding preferentially to iron porphyrins (present in the COx 
haemoprotein) [11], induces to an abnormal tissues oxygenation [12], [13]. According to 
CN- dosages and exposure time, a more or less pronounced shift in fish metabolism 
towards anaerobic process can be observed, being most commonly followed by histotoxic 
hypoxia and death [9]. At sub-lethal doses it has been assumed for many years that, besides 
perceptible anesthetic effects (with fish being completely impaired of swimming), cyanide 
poisoning did not present any major effects in fish behavior (as through time CN- effects in 
fish swimming ability appear to fade away) [14]. However, Hanawa, et al. [15] 
demonstrated that a tropical marine fish (Dascyllus aruanus) pulse-exposed to sub-lethal 
concentrations of CN- displayed a significate reduction of O2 consumption rates in the 
liver, which prompted organ damage. In addition, Dixon and Leduc [16], working with 
rainbow trout (Salmo gairdneri) exposed to trace concentrations of CN-, corroborated 
Hanawa’s results and suggested that O2 consumption rates of either the liver or whole fish 
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was shifted and triggered a sever state of cell damage. The visual display of cyanide 
anesthetic effects recovery is related to the CN- rapid conversion into a less toxic 
compound, thiocyanate (SCN), following its excretion via urine. Once this detoxification 
process starts, fish slowly recover their swimming ability, despite any unknown effects 
potentially remaining in exposed organisms [15]. 
If cyanide exposure compromises the levels of oxygen intake in certain organs or the 
whole fish, along with its swimming ability, it is legitimate to assume that an increase in 
water temperature may enhance such shifts in metabolism. Water temperature is a well-
known stressor that can affect fish health [17], impact its swimming ability [18], [19], 
oxygen consumption [20] and metabolism rates [21]. Shifts on the oxygen chain can lead 
the fish to an oxidative stress stage, usually triggered by three-way routes: i) an increase of 
oxidant generation availability (expressed by reactive oxygen species (ROS) levels); ii) a 
decrease in antioxidant protection; and iii) a failure to repair oxidative cell damage [1]. 
Oxidative stress is also usually followed by oxidative damage, which is expressed by the 
structural and functional degradation of lipids, proteins, and DNA integrity [22]. 
The “natural” fight against oxidative stress involves the chemical transformation of one of 
ROS parental forms (superoxide (O2-)) into water (H2O) mainly by key antioxidant 
enzymes: Superoxide dismutase (SOD), a metalloprotein under diverse cellular 
distribution; Catalase (CAT), a heme-containing enzyme also under diverse cellular 
distribution; and Glutathione-peroxidase (GP), a tetrameric enzyme found in both 
selenium-containing and selenium- independent forms in the cytosol and mitochondria 
[23]. Superoxide dismutase represents the first anti-oxidative line of defense, accelerating 
the dismutation of O2- into oxygen (O2) and hydrogen peroxide (H2O2). Catalase will act in 
a second instance, detoxifying the H2O2 into water (H2O) and O2. GP can act 
simultaneously to CAT or in a second level of protection, transforming the H2O2 into H2O 
solely [6]. Additionally, glutathione related enzymes (peroxidase and S-transferase) 
detoxify lipid peroxides (lipid-OOH) by transforming them into alcohols (lipid-OH), 
within the activity of Glutathione-S-transferase (GST) been determined as phase II enzyme 
(that conjugates hydro-peroxides with glutathione) during the anti-oxidative process [23]. 
Oxidative stress in fish can be, therefore, assessed by examining the shifts in antioxidant 
enzymes activity in the organs affected by the target toxicant [15]. 
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The present study monitored the oxidative stress response in an emblematic coral reef fish, 
the green damsel Chromis viridis, by monitoring SOD, CAT and GST activity in 
specimens enduring a pulse-exposure to a sub lethal concentration cyanide, under present 
day thermal conditions of Indo-Pacific coral reefs and those foreseen to 2100 [24]. The 
present study sheds light on the potential effects that cyanide poisoning may have on coral 
reef fish and aims to identify if oxidative stress response promoted through cyanide 
poisoning are magnified in the warming oceans of tomorrow. 
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5.3- Materials and Methods 
5.3.1. Selection of fish model species  
The tropical green damselfish Chromis viridis was selected to address our experimental 
hypothesis by being the most heavily traded marine ornamental fish [25], [26], thus being 
more likely to be targeted by cyanide fishing. Commonly recorded in coral reefs [27], C. 
viridis is highly popular among marine aquarium hobbyists by its non-aggressive behavior, 
easy maintenance in captive, body coloration and relatively low retail price (in comparison 
to other coral reef fish) [28]. In addition, while the species presents a strong swimming 
capacity, C. viridis has non-migratory habits [29], thus being a suitable model species to 
address the local effects promoted by cyanide fishing in target reefs. All fish specimens to 
be tested in the present study were sourced from a wholesaler (Tropical Marine Center 
Iberia – TMC Iberia) that promotes the trade of net caught marine ornamentals and 
prioritizes the sourcing from locations where cyanide fishing is not used, thus maximizing 
the chances of tested specimens never being previously exposed to this poison. 
5.3.2. Acclimation procedures 
Twenty specimens of C. viridis with a similar size and weight (with an average total length 
of 35.0 ± 4.4 mm and an average wet weight of 1.03 ± 0.2 g were transported to 
Laboratório Marítimo da Guia (Cascais, Portugal) using thermally insulated containers and 
under oxygen saturated conditions. Upon arrival, all fish were immediately transferred to a 
200-L glass tank connected to a life support system (LSS 01), filed with natural pre-treated 
seawater (NSW). The LSS 01 was composed by a 125-L sump (1.20 m long×0.35 m 
wide×0.40 m tall) equipped with a recirculating submergible seawater pump (2500 Lh−1). 
Water filtration was performed through bio balls (Ouriço®, Fernando Ribeiro Lda, 
Portugal), a mechanical filter (50 µm, TMC Iberia, Portugal) and a protein skimmer 
(V2Skim 600, TMC Iberia, Portugal). A UVC germicidal FILTER (V2ecton 600, TMC 
Iberia, Portugal) was used for seawater disinfection. Seawater temperature was controlled 
by submergible digital heaters (± 1 °C, 300 W, V2Therm, TMC Iberia, Portugal) and 
chillers (± 0.5 °C, HC-500A, Hailea, PRC) and artificial illumination (150 W, 10.000 K - 
Sylvania®) was provided under a 12 h/12 h (light/dark) photoperiod. Salinity levels were 
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set at 35 ± 1 and daily checked with a handheld refractometer (V2 refractometer, TMC 
Iberia, Portugal). Ammonia, nitrite and nitrate levels were daily checked by means of 
colorimetric test kits (Salifert Profi Test, Holland) and kept below detectable levels, with 
the exception for nitrate (<5-10 mg L−1). Monitoring of pH and temperature was 
performed automatically, every 2 seconds (Profilux 3.1, GHL, Germany). Additional 
monitoring by portable equipment was performed for temperature (TFX 430 Thermometer, 
WTW GmbH, Germany) and pH (SG8 – SevenGo pro™ pH/Ion meter, Mettler-Toledo 
International Inc., Switzerland). Laboratory acclimation was performed for 15 days, with 
fish being stocked at 26 °C ± 0.2 and a pH of 8.1 ± 0.1 and being fed ad libitum 4x a day 
with a commercial frozen feed (Mysis, TMC Iberia, Portugal). 
5.3.3. Thermal acclimation 
For the first 15 days in the laboratory all 20 C. viridis were kept in LSS 01 to allow the 
monitoring of fish behavior and general health. After this period, ten randomly sampled C. 
viridis were transferred using a hand net to another LSS (LSS 02). All features of LSS 02 
were identical to those described above for LSS 01, with the exception of water 
temperature; while at LSS 01 fish were stocked at 26 ± 0.2 °C, at LSS 02 specimens were 
stocked at 29 ± 0.2 °C, in order to reproduce the expected scenario of ocean warming 
predicted by the IPCC (2014) of an ocean’s surface average temperature increase of 3.0 °C 
until the year of 2100 [24]. Fish from both LSS were stocked for an additional 30 days 
under the conditions detailed above. 
5.3.4. Pulse-exposure to cyanide 
Following the 30 days of thermal acclimation, from the 10 C. viridis stocked in LSS 01 (at 
26 °C), five fish were randomly selected to be pulse-exposed to cyanide (CN−) (Group 
CN26), while the five remaining specimens undergo the same level of manipulation but 
being pulse-exposed to seawater (no cyanide being used, thus being free (F) of cyanide) 
(Group F26). The same procedure was adopted for fish stocked at 29 °C in LSS 02, with 
five fish being randomly chosen to be pulse-exposed to cyanide (Group CN29), while the 
other five specimens were pulse-exposed to seawater free of cyanide (Group F29). Overall, 
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a total of 4 experimental groups (each with 5 specimens of C. viridis) were formed, as 
schematically represented in Figure 18. 
 
 
Figure 18. Experimental design - F26 = Fish group acclimated under 26 ℃ and non-exposed to cyanide; 
CN26 = Fish group acclimated under 26 ℃ and pulse-exposed to cyanide at a concentration of 25 mgL-1; F29 
= Fish group acclimated under 29 ℃ and non-exposed to cyanide; CN29 = Fish group acclimated under 29 ℃ 
and pulse-exposed to cyanide at a concentration of 25 mgL-1. *Bath water temperatures set in accordance to 
the group treatment. 
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Cyanide pulse-exposure was performed according to four different steps: 1) pulse-
exposure bath, 2) first cleaning bath, 3) second cleaning bath and 4) recovery bath. In the 
pulse-exposure bath each group of five fish specimens selected to be pulse-exposed to 
cyanide (CN26 and CN29) were hand-net collected and dipped for 60 s into a 2-L glass 
tank filled with seawater at 26 or 29 ºC and 25.0 mg L−1 of CN−. Similarly, each group of 
five fish selected to be pulse-exposed to clean seawater (with no cyanide) (F26 and F29) 
were also hand-net collected and dipped for 60 s into a 2-L glass tank filled with clean 
seawater (free of CN−), at 26 or 29 ºC. The pulse-exposure method adopted in the present 
study, placing all five fish per experimental group inside the hand-net, aimed to ensure that 
pulse-exposure conditions were identical to all specimens. Individual stock solutions of 
Sodium Cyanide (NaCN (97% purity; Sigma-Aldrich, St. Louis, MO, USA)) with a CN- 
concentration of 10.00 g L−1 were prepared by dissolving 0.37666g of NaCN in 20 mL of 
distilled water and Vortex for (60 s). To avoid differences in CN- concentrations through 
evaporation, a fresh pulse-exposure bath solution, was prepared by immediately before 
each pulse-exposure by adding 5.7 mL of the stock solution to 1.995 L of seawater. The 
concentration of CN− selected to perform the pulse-exposure performed in the present 
study was based on the work by Hanawa et al. [15], as it is acknowledged as a suitable 
procedure to mimic cyanide poisoning as practiced to collect live reef fish in Indo-Pacific 
coral reefs. All other procedures (including the duration of pulse-exposure – 60 s) were 
performed according to Vaz, et al. [30]. Concerning the cleaning and recovery baths, 
immediately after the pulse-exposure bath, all fish were transferred into another 2-L glass 
tank filled with clean seawater at 26 or 29 ºC (depending on the original stocking 
temperature of each fish), where they remained for 60 s (first cleaning bath). Following 
this first cleaning bath, fish were transferred to another clean glass tank undergoing a 
second cleaning bath as described above. Finally, all fish, according to their respective 
experimental group (F26, CN26, F29 and CN29), were transferred to another identical 
glass tank where they remained for a total of 40 min in clean seawater at 26 or 29 ºC 
(depending on the original stocking temperature of each fish) (recovery bath). At this time 
each of the four 2 L glass tanks housing the 5 five from each experimental group were 
equipped with an air stone to provide gentle water aeration and connected to a sump (25 L 
capacity) equipped with a recirculating water pump (Eheim® 1262, 3400 L h−1) and a 
300-W submersible heater (Eheim® Jäger) adjusted at 26 ± 0.5 °C or 29 ± 0.5 °C, 
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respectively. During the recovery bath all fish where closely observed and by the end of 
the recovery bath all specimens had fully recovered their swimming capability. 
5.3.5. Sample preparation and biomarker analyses 
By the end of the recovery bath, all fish were individually transferred to an acrylic Petri 
dish placed in dry ice to record individual total body length and wet weight and undergo 
dissection. Gills, liver and brain tissue samples from each specimen were individually 
collected and placed in plastic labeled Eppendorfs that were immediately stored at −80 °C 
for posterior biomarker analysis. Considering that the gills are the entrance point of 
cyanide in fish, the liver as the main organ evolved in the detoxification process and the 
brain as the control center for poisoning effects, SOD, CAT and GST activities were 
analyzed (in regards the natural order of ant-oxidative enzymatic action) to all twenty C. 
viridis tested in this work. A glass/PTFE (Potter–Elvehjem) tissue grinder (Kartell, Italy) 
and an Ultra-Turrax (Ika, Staufen, Germany) were used to homogenize each tissue 
analyzed in a phosphate-buffered saline solution (PBS), at pH 7.3 and composed by 2.7 
mM KCl, 0.14 M NaCl, 8.1 mM Na2HP04 and 1.47 mM KH2P04. Sample preparation was 
performed by adding 1 mL PBS buffer solution to 300 mg tissue and after completed 
homogenized, all samples were immediately centrifuged for 20 min (at 14.000 g and at 4 
°C). The supernatant fraction obtained after sample preparation was utilized to quantify the 
total sample protein and the selected enzymes activities. The assay validation was 
performed using commercial enzymes obtained from Sigma (Missouri, USA), with results 
being normalized by total protein content determined through the Bradford method [44]. 
All samples were run in triplicate (technical replicates), and a spectrophotometer 
microplate reader (BIO-RAD, Benchmark, USA) was used for absorbance determinations. 
5.3.6. Antioxidant enzyme activities analysis  
Superoxide dismutase activity was analyzed assuming the inhibition of the cytochrome C 
reduction rate by the O2− [31].The activity measurements were performed according the 
Sigma recommendations for SOD enzymatic assay [34] by adding 220 µL of a cocktail 
solution (containing 50 mM potassium phosphate buffer; 0.1 mM EDTA; 0.01 mM 
cytochrome C solution from horse heart (Sigma-Aldrich, Germany); and 0.05 mM 
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xanthine) adjusted to pH 7.8, to 20 µL of sample homogenate (to each one of the 96-well 
Nunclon microplate) (Nunc-Roskilde, Denmark). Absorbance was recorded every minute, 
for 5 min, using a plate reader (BioRad, Benchmark, USA) and both negative controls, in 
addition to the SOD inhibition were measured at 550 nm absorbance rate, at 25 °C. Total 
SOD activity was expressed in U mg−1 of protein, where one unit is equivalent to the SOD 
activity that causes 50% inhibition of the reaction rate without SOD. 
Catalase activity was determined according to the methodology proposed by Aebi [32], 
where CAT activity values are assessed by measuring the rate of hydrogen peroxide 
(H2O2) complex removal. As soon as the H2O2 is converted into O2 + H2O, a decrease in 
absorbance can be observed and by the end of the experiment CAT is completely 
inactivated. Composed by 50 mM potassium phosphate buffer (pH 7.0) and 12.1 mM H2O2 
substrate, a 3 mL total reaction volume was obtained. The consumption of H2O2 [extinction 
coefficient of 0.04 εmM (mM−1 cm−1)] was monitored at 240 nm and 25°C. Once every 15 
s, for a 180 s incubation, samples absorbance was recorded. 
Glutathione S-transferase total activity was determined according to Habig, et al. [33] and 
optimized for 96-well microplates (Sigma Technical Bulletin, CS0410) [35], where 1-
chloro-2,4-dinitrobenzene (CDNB) was used as substrate and the enzyme activity was 
determined by spectrophotometry analysis. The absorbance increase was calculated 
through the glutathione (GSH) and l-chloro-2,4-dinitrobenzene (CDNB) conjugates 
formation. 180 µL of substrate solution (composed by 200 mM L-glutathione reduced, 
DPBS (Dulbecco's PBS) and 100 mM CDNB solution) was added to each one of 96-well 
Nunclon microplate (Nunc-Roskilde, Denmark). In addition, 20 µL of GST was added to 
all samples. At 340 nm absorbance, recorded every minute for 6 min and using a plate 
reader (BioRad, Benchmark, USA). The absorbance increases, a direct result of GSH and 
CDNB conjugate formation, was estimated per minute and the reaction rate at 340 nm was 
determined using the CDNB extinction coefficient of 0.0053 εµM (µM−1 cm−1), with 
equine liver GST (Sigma- Aldrich, Germany) was used as a positive control. 
All enzyme activity results were expressed in relation to the protein content of screened 
samples (nmol min−1 mg−1 protein) and the relation between protein and fish wet weight 
are schematically represented in Supplementary Figure 5. Tissue protein versus fish wet 
body weight. 
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5.3.7. Statistical analyses 
Two-way ANOVAs (using cyanide exposition and temperature as independent variables) 
were performed for each of the three tissues analyzed (gills, liver and brain) to evaluate the 
existence of significant effects of cyanide pulse-exposure and ocean warming on C. viridis 
SOD, CAT and GST activities. Significant differences were accepted at P < 0.05 [36]. 
Data normality and homoscedasticity was obtained by Shapiro-Wilks and Levene’s tests. 
Non statistical tests were performed to evaluate differences among the tissues analyzed. 
All statistical analyses were performed using R software (R Development Core Team 
2013).  
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5.4- Results 
Results referring to SOD, CAT and GST activities are summarized in Figure 19. Exposure 
to cyanide poisoning and increased temperature presented a significant interaction for SOD 
activity in the gills (P < 0.0001) and in the liver (P < 0.0001) and GST activity in the brain 
(P < 0.01). To all other enzymatic activities monitored in the different tissues analyzed, no 
significant interactions were detected between these two variables (P > 0.05) 
(Supplementary Table 6). Considering solely the effect of cyanide pulse-exposure, SOD 
activity in the brain displayed significant differences (P < 0.001), as well as CAT activity 
in the gills (P < 0.01) and GST activity in the liver (P < 0.5). Factor temperature promoted 
the existence of significant differences in SOD activity in the brain (P < 0.5) and GST in 
the liver (P < 0.001)  
Superoxide dismutase activity in fish pulse-exposed to cyanide and acclimated at 29 °C 
(CN29), displayed a significant increase in activity when compared to that recorded for 
other experimental groups (F26, CN26 and F29) in all tissues analyzed (gills, liver and 
brain). Average SOD activity in the gills (Figure 19.A1), for fish from experimental group 
CN29 was 194.43 ± 34 nmol/min/mg, followed by that displayed by specimens from group 
CN26 (with 145.77 ± 20 nmol/min/mg), F26 (with 137.66 ± 38 nmol/min/mg) and F29 
(with 136.83 ± 29 nmol/min/mg). In the liver (Figure 19.A2), a visual increase of SOD 
activity (in comparison to the gills) was observed in all experimental groups except CN26. 
CN29 displayed the highest significant value (219.21 ± 63 nmol/min/mg) of SOD activity, 
followed by F26 (192.54 ± 85 nmol/min/mg) F29 (166.30 ± 38 nmol/min/mg) and CN26 
(128.79 ± 6 nmol/min/mg). In the brain (Figure 19.A3), SOD activity visual decreased 
(when in comparison to the gills) was experienced by all groups, with average SOD 
activity values recorded being 120.95 ± 30 nmol/min/mg (CN29), 110.35 ± 21 
nmol/min/mg (CN26), 103.87 ± 14 nmol/min/mg (F26) and 92.93 ± 19 nmol/min/mg 
(F29).  
CAT activity demonstrated to be significantly higher in fish pulse-exposed to cyanide 
(CN26 and CN29) only in the gills, with non-significant differences in the other tissues 
analyzed (liver and brain). The average activity of CAT in the gills (Figure 19.B1) for fish 
from experimental group F29 was 22.52 ± 5 nmol/min/mg, followed by F26 (with 19.13 ± 
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5 nmol/min/mg). CN26 and CN29 presented a similar CAT activity, with 13.69 ± 4 and 
13.04 ± 3 nmol/min/mg, respectively. 
  
 
Figure 19. Average enzymatic activities (± standard deviation) of superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST) recorded in the 
gills, liver and brain of green damsels (Chromis viridis) acclimated 26  and non-exposed to cyanide (F26), acclimated at 26  and pulse-exposed to cyanide at a 
concentration of 25 mgL-1 (CN26), acclimated at 29  and non-exposed to cyanide (F29) and acclimated at 29  and pulse-exposed to cyanide at a concentration of 
25 mgL-1 (CN29). 
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In the liver (represented in Figure 19.B2), a visual increase in enzymatic activity (in 
comparison to the gills) was observed in all experimental groups, with the exception of 
CN29. This experimental group displayed the lowest value recorded for CAT activity in 
this organ (11.25 ± 3 nmol/min/mg), followed by CN26 (14.75 ± 3 nmol/min/mg), F29 
(22.06 ± 9 nmol/min/mg) and F26 (24.92 ± 6 nmol/min/mg). The visual lowest value for 
CAT activity was obtained in the brain (Figure 19.B3), with specimens from group F26 
displaying average activities of 8.84 ± 2 nmol/min/mg, 8.74 ± 2 nmol/min/mg for F29, 
6.51 ± 1 nmol/min/mg for CN29 and 5.79 ± 2 nmol/min/mg for CN26. 
GST activity in gills and liver was visually higher in fish non-exposed to cyanide and 
maintained at 26 °C (F26) and in the brain, in fish pulse-exposed to cyanide and 
acclimated at 29 °C (CN29). Significant values for both factors interaction (temperature 
and cyanide poisoning) were obtained only for the brain analysis, while, individually; the 
temperature displayed significant interference in the liver. As represented in Figure 19.C1, 
the highest (but non-significant differences) GST average activity in the gills was recorded 
from fish at the experimental group F26, with an average activity of 52.54 ± 10 
nmol/min/mg, followed by CN29 (44.93 ± 8 nmol/min/mg), F29 (40.71 ± 9 nmol/min/mg) 
and CN26 (with 31.76 ± 7 nmol/min/mg). In the liver (Figure 19.C2), the highest and 
significant GST activity recorded was observed in group F26 with an average value of 
enzymatic activity of 72.10 ± 26 nmol/min/mg, followed by CN26 (with 40.79 ± 11 
nmol/min/mg), F29 (with 37.24 ± 4 nmol/min/mg) and CN29 (with 35.36 ± 13 
nmol/min/mg). In the brain (Figure 19.C3), the experimental group CN29 displayed an 
average value of GST activity of 42.71± 10 nmol/min/mg (the highest and significant GST 
activity in this tissue). Specimens from group F26 displayed the second highest value for 
GST activity, of 38.87 ± 2 nmol/min/mg, followed by fish from group F29 (35.09 ± 7 
nmol/min/mg) and CN26 (27.01 ± 8 nmol/min/mg).  
Figure 20 represents an average of SOD, CAT and GST activities recorded in the gills (1), 
liver (2) and brain (3) of green damsels from the four experimental groups for an easier 
interpretation of the inter-organs obtained results. 
 
  
 
 
Figure 20. Overlapped average enzymatic activities of superoxide dismutase (SOD), catalase (CAT) and glutathione S-transferase (GST) recorded in the gills, liver 
and brain of green damsels (Chromis viridis) acclimated 26  and non-exposed to cyanide (F26), acclimated at 26  and pulse-exposed to cyanide at a concentration 
of 25 mgL-1 (CN26), acclimated at 29  and non-exposed to cyanide (F29) and acclimated at 29  and pulse-exposed to cyanide at a concentration of 25 mgL-1 
(CN29). Maximum activity values are highlighted and represented in accordance to the enzyme measured and to the experimental group analysed. 
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According to the overlap enzymatic results, liver was the fish tissue analyzed that 
displayed the highest values for enzymatic activity, followed by gills and the brain. The 
brain presented the most uniform distribution of enzymatic activity recorded in fish from 
all experimental groups, as data overlap in the same area. The opposite trend can be 
observed in the gills, apparently with F26 and F29 overlapping in the same direction while 
CN26 and CN29 display another direction tendency.  
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5.5- Discussion  
The present work evaluated the sub-lethal effects of cyanide pulse-exposure on the 
antioxidant enzymes activities of an emblematic Indo-pacific coral reef fish, the green 
damsel Chromis viridis, under present seawater temperature and under a warming scenario 
foreseen by the IPCC [24]. Our results suggest that during cyanide pulse-exposure 
evaluation, the enzymes activities (SOD, CAT and GST) are intrinsic correlated to the via 
of CN- contamination (entering from the gills, processed by the liver and, finally, 
impacting the brain), and its effects are significantly potentialized due to the increase of 
temperature.  
Among all tissues analyzed, gills are directly related to the fish respiratory process and, 
under cyanide fishing scenario, represents the entrance point of this toxic in the fish [10]. 
Assuming this tissue is the first potential location to mitigate oxidative stress in fish, and 
considering that SOD acts during the first detoxification phase of oxidative stress, in this 
trial was not surprising to verify that this enzyme displayed the highest activity in fish 
simultaneously exposed to cyanide poisoning and to a thermal stress (CN29). SOD was 
also the only enzyme analyzed that systematically displayed an enhanced activity in all 
tissues (gills, liver and brain) to all experimental groups analyzed, with fish pulse-exposed 
to cyanide and acclimated under 29 °C (CN29) always displaying the highest activity 
values for this enzyme. Meanwhile, catalase activity demonstrated an inhibition on fish 
pulse-exposure to cyanide in all tissues analyzed, within GST following the same trend 
line. These inhibitions may be explained by Matozzo, et al. [37], that claims that, 
depending on the targeted organ, the antioxidant enzymes activities should increase at a 
moderate level of stress but under extreme stress levels, may display a decrease in activity. 
Same antioxidant inhibition path was observed in the liver. Considering it as the main 
detoxification organ in fish [38], the highest antioxidant activities were expected to be 
recorded in the liver. However, contradicting our initial assumption, the present study 
revealed an opposite trend and to all enzymes tested, fish non-exposed to cyanide and 
acclimated at 26 °C displayed a significant enhancement of enzymes activity. Indeed, an 
inhibition of all antioxidant enzymatic activities evaluated appeared to take place, with 
groups non-exposed to CN- presenting a higher enzymatic activity than groups pulse-
exposed to cyanide. The inhibition of antioxidant enzymatic activities by cyanide has 
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already been reported for rat tissues [39]. Concerning to fish, toxic dosages of CN- are 
known to inhibit glutathione (GP-x) in the liver and brain and may also decrease SOD 
activity in the brain and liver, as well as CAT activity the in blood and brain of the 
freshwater fish Cyprinus carpio [40]. The study detailing the antioxidant response 
observed in C. carpio exposed to CN- refers to a decrease of enzymatic activity in the liver, 
followed by an increase of activity in the gills (in accordance to our recorded results). In 
addition, the authors claim that the brain was one of the most affected organs by cyanide 
toxicity, displaying the higher antioxidant response among all tissues analyzed. In our 
work fish pulse-exposed to cyanide were solely depurated for 40 minutes (until recovery of 
their swimming ability) and cyanide poisoning may not have had sufficient time to 
promote major shift on the enzymatic activity of this organ. This hypothesis would help to 
explain the low enzymatic activity values recorded for the brain.  
Antioxidant enzymes activities are definitely a useful tool for tracing cyanide poison 
effects and correlate it to oxidative stress. However, and specially reinforced due to the 
enzymatic activities inhibitions observed in this work, as previously suggested by Hall et 
al. [41], those activities should not be evaluated alone. For a better target response, besides 
to select biomarkers with different degrees of specificity [43], prior the final diagnosis, the 
unique biological aspects of the species, as the clinical and physiological signs and 
symptoms of the fish tested needs to be taken into consideration [5]. Considering our 
results can be highly dependent of the fish health conditions, fish exposed to identical 
experimental conditions as the ones employed in the present (pulse-exposure to 25 mgL-1 
of CN- and acclimated at 26 °C and 29 °C, see Chapter 4), will be used as a comparison 
tool to finally evaluate the oxidative stress response under sub-lethal cyanide pulse-
exposure and temperature increase.  
As observed in the prolonged swim assessment (presented in the Chapter 4), fish pulse-
exposed to cyanide and maintained at 29 °C displayed a significant reduction of their 
swimming performance, followed by a significant increase in oxygen demand. As 
previously mentioned, oxidative stress can be triggered by a decrease in the antioxidant 
protection, by failing to repair the oxidative cell damage and by an increase in ROS 
availability [1]. Previous studies have already indicated a change on antioxidant enzymes 
activities in organisms exposed to thermal stress, [2], [20], [23] thus, revealing that 
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warming can alter antioxidant protection. Such effects should also be observed due to 
cyanide high toxicity, considering cyanide can severely compromise the fish organism in a 
cellular level [15]. In addition, if in C. viridis under cyanide poisoning in a warming 
scenario the amount of oxygen intake increased (see Chapter 4), an enhancement of 
superoxide radical generation followed by and direct increase of ROS availability may also 
be expected, leading cyanide poisoning, as well as the warming, to be classified as a source 
of oxidative stress. According to the antioxidant enzymes activities obtained in this trial is 
legit to affirm that cyanide poison effects can be extremely potentialized due to the 
increase of temperature and if the observed effects of cyanide poisoning are currently not 
very pleasant, in the oceans of tomorrow they may become more startling than ever. 
 
Additional Information 
*This study followed an experimental protocol approved by the Commission Responsible 
for Animal Experimentation and Welfare (CREBEA) of the Department of Biology of the 
University of Aveiro and performed in strict accordance with the Guidelines of the 
European Union Council (Directive 2010/63/EU) and the Portuguese legislation for the use 
of laboratory animals; the study was conducted under an institutional license for animal 
experimentation and a personal license to M.C.M. Vaz issued by the Veterinary Medicine 
Directorate, Portuguese Ministry of Agriculture, Rural Development and Fisheries. 
European Laboratory Animal Science License - Category B - in Sep 30/2011. 
*The authors declare they have no competing financial interests in relation to the work 
described. 
 
Acknowledgements 
This work was financially supported by Fundação para a Ciência e Tecnologia (FCT) 
through a PhD scholarship granted to MCMV (SFRH/BD/85180/2012). Thanks are also 
due to FCT/MEC through the post-doctoral grant of Tiago Repolho 
(SFRH/BPD/94523/2013), national funds and the co-funding by the FEDER, within the 
PT2020 Partnership Agreement and Compete 2020 for the financial support to CESAM 
Chapter 5 
176 
(UID/AMB/50017/2013). The authors thank Catarina Santos, e Ricardo Cyrne for help 
with fish maintenance, to Francisco Carvalho and Miguel Baptista for the swim tunnel set 
up, and to all researchers of Laboratório Marítimo da Guia for their personal and 
professional support.  
Oxidative stress response on a coral reef fish enduring a sub-lethal exposure to cyanide in 
a warming ocean 
177 
5.6- References 
[1] K. Kumari, A. Khare, and S. Dange, “The Applicability of Oxidative Stress 
Biomarkers in Assessing Chromium Induced Toxicity in the Fish Labeo rohita,” 
Biomed Res. Int., vol. 2014, pp. 1–11, 2014. 
[2] D. Madeira, C. Vinagre, and M. S. Diniz, “Are fish in hot water? Effects of 
warming on oxidative stress metabolism in the commercial species Sparus aurata,” 
Ecol. Indic., vol. 63, pp. 324–331, 2016. 
[3] B. M. Alazemi, J. W. Lewis, and E. B. Andrews, “Gill Damage in the Freshwater 
Fish Gnathonemus Petersii (Family: Mormyridae) Exposed to Selected Pollutants: 
An Ultrastructural Study,” Environ. Technol., vol. 17, no. 3, pp. 225–238, Mar. 
1996. 
[4] United Nations Environment Programme and I. L. W. H. O. Organization, 
“Biomarkers in Risk Assessment: Validity and Validation,” Geneva, 2001. 
[5] N. S. Jaffer, A. M. Rabee, and S. M. M. Al-Chalabi, “Human and Ecological Risk 
Assessment: An International Journal Biochemical and hematological parameters 
and histological alterations in fish Cyprinus carpio L. as biomarkers for water 
pollution with chlorpyrifos Biochemical and hematological parameters an,” 2017. 
[6] M. P. Lesser, “Oxidative Stress in Marine Environments: Biochemistry and 
Physiological Ecology,” Annu. Rev. Physiol., vol. 68, no. 1, pp. 253–278, 2006. 
[7] Z. Dang, “Interpretation of fish biomarker data for identification, classification, risk 
assessment and testing of endocrine disrupting chemicals,” 2016. 
[8] M. C. M. Vaz, V. I. Esteves, and R. Calado, “Live reef fish displaying 
physiological evidence of cyanide poisoning are still traded in the EU marine 
aquarium industry,” Sci. Rep., vol. 7, no. 1, p. 6566, Dec. 2017. 
[9] R. Eisler, “Cyanide Hazards to Fish, Wildlife, and Invertebrates: A Synoptic 
Review,” U.S. Fish Wildl. Serv., vol. Biol. Rep., no. 85(1.23), pp. 1–58, 1991. 
Chapter 5 
178 
[10] P. J. Rubec, “The Effects of Sodium Cyanide on Coral Reefs and Marine Fish in 
the Philippines,” 1st Asian Fish. Forum. Asian Fish. Soc., no. Bridges 1958, pp. 
297–302, 1986. 
[11] P. Jensen, M. T. Wilson, R. Aasa, and B. G. Malmström, “Cyanide inhibition of 
cytochrome c oxidase. A rapid-freeze e.p.r. investigation.,” Biochem. J., vol. 224, 
pp. 829–837, 1984. 
[12] P. Singh, P. Rao, S. K. Yadav, N. L. Gujar, R. M. Satpute, and R. Bhattacharya, 
“Time- and temperature-dependent changes in cytochrome c oxidase activity and 
cyanide concentration in excised mice organs and mice cadavers,” J. Forensic Sci., 
vol. 60, no. s1, pp. S162–S170, 2015. 
[13] J.-L. Fortin, T. Desmettre, C. Manzon, V. Judic-Peureux, C. Peugeot-Mortier, J.-P. 
Giocanti, M. Hachelaf, M. Grangeon, U. Hostalek, J. Crouzet, and G. Capellier, 
“Cyanide Poisoning and Cardiac Disorders: 161 Cases,” J. Emerg. Med., vol. 38, 
no. 4, pp. 467–476, May 2010. 
[14] K. C. Hall and D. R. Bellwood, “Histological effects of cyanide, stress and 
starvation on the intestinal mucosa of Pomacentrus coelestis, a marine aquarium 
fish species,” J. Fish Biol., vol. 47, no. 3, pp. 438–454, Sep. 1995. 
[15] M. Hanawa, L. Harris, M. Graham, A. P. Farrell, and L. I. Bendell-Young, “Effects 
of cyanide exposure on Dascyllus aruanus, a tropical marine fish species: lethality, 
anaesthesia and physiological effects,” Aquarium Sci. Conserv., vol. 2, no. 1, pp. 
21–34, 1998. 
[16] D. G. Dixon and G. Leduc, “Chronic Cyanide Poisoning of Rainbow Trout and Its 
Effects on Growth, Respiration, and Liver Histopathology,” Arch. Environm. 
Contam. Toxicol, vol. 10, pp. 117–131, 1981. 
[17] C. Nerici, G. Merino, and A. Silva, “Effects of two temperatures on the oxygen 
consumption rates of Seriolella violacea (palm fish) juveniles under rearing 
conditions,” Aquac. Eng., vol. 48, pp. 40–46, 2012. 
Oxidative stress response on a coral reef fish enduring a sub-lethal exposure to cyanide in 
a warming ocean 
179 
[18] J. Xia, Y. Ma, C. Fu, S. Fu, and S. J. Cooke, “Effects of temperature acclimation on 
the critical thermal limits and swimming performance of Brachymystax lenok 
tsinlingensis: a threatened fish in Qinling Mountain region of China,” Ecol. Res., 
vol. 32, no. 1, pp. 61–70, 2017. 
[19] F.W.H. Beamish, Terminology to describe swimming activity in fish (xiii); In 
Swimming Capacity, Vol. 7. Lo. New York: Academic Press., 1978. 
[20] G. E. Nilsson, S. Östlund-Nilsson, and P. L. Munday, “Effects of elevated 
temperature on coral reef fishes: Loss of hypoxia tolerance and inability to 
acclimate,” Comp. Biochem. Physiol. Part A, vol. 156, pp. 389–393, 2010. 
[21] G. Baum, P. Kegler, B. M. Scholz-Böttcher, Y. R. Alfiansah, M. Abrar, and A. 
Kunzmann, “Metabolic performance of the coral reef fish Siganus guttatus exposed 
to combinations of water borne diesel, an anionic surfactant and elevated 
temperature in Indonesia,” Mar. Pollut. Bull., vol. 110, no. 2, pp. 735–746, 2016. 
[22] A. J. Rainbow and N. J. Zacal, “Expression of an adenovirus encoded reporter gene 
and its reactivation following UVC and oxidative damage in cultured fish cells,” 
Int. J. Radiat. Biol., vol. 84, no. 6, pp. 455–466, Jan. 2008. 
[23] C. Madeira, D. Madeira, M. S. Diniz, H. N. Cabral, and C. Vinagre, “Thermal 
acclimation in clownfish: An integrated biomarker response and multi-tissue 
experimental approach,” Ecol. Indic., vol. 71, pp. 280–292, 2016. 
[24] IPCC, “Climate Change 2014 Synthesis Report Summary Chapter for 
Policymakers,” IPCC, p. 31, 2014. 
[25] C. Wabnitz, M. Taylor, E. Green, and T. Razak, “From Ocean to Aquarium. The 
global trade in marine ornamental species,” Cambridge, UK, 2003. 
[26] A. L. Rhyne, M. F. Tlusty, J. T. Szczebak, and R. J. Holmberg, “Expanding our 
understanding of the trade in marine aquarium animals,” PeerJ, vol. 5, p. e2949, 
Jan. 2017. 
[27] C. H. Tang, M. Y. Leu, W. K. Yang, and S. C. Tsai, “Exploration of the 
mechanisms of protein quality control and osmoregulation in gills of Chromis 
Chapter 5 
180 
viridis in response to reduced salinity,” Fish Physiol. Biochem., vol. 40, no. 5, pp. 
1533–1546, 2014. 
[28] L. E. Nadler, D. C. McNeill, M. A. Alwany, and D. M. Bailey, “Effect of habitat 
characteristics on the distribution and abundance of damselfish within a Red Sea 
reef,” Environ. Biol. Fishes, vol. 97, no. 11, pp. 1265–1277, 2013. 
[29] D. Ponton, N. Loiseau, and P. Chabanet, “Does light explain damselfish Chromis 
viridis abundances observed over coral colonies?,” J. Fish Biol., vol. 80, no. 7, pp. 
2623–2628, 2012. 
[30] M. C. M. Vaz, T. A. P. Rocha-Santos, R. J. M. Rocha, I. Lopes, R. Pereira, A. C. 
Duarte, P. J. Rubec, and R. Calado, “Excreted thiocyanate detects live reef fishes 
illegally collected using cyanide-A non-invasive and non-destructive testing 
approach,” PLoS One, vol. 7, no. 4, 2012. 
[31] Y. Sun, L. W. Oberley, and Y. Li, “A simple method for clinical assay of 
superoxide dismutase,” Clin. Chem., vol. 34, no. 3, pp. 497–500, Jun. 1988. 
[32] H. Aebi, “Catalase in vitro,” Methods Enzymol., vol. 105, no. C, pp. 121–126, 
1984. 
[33] W. H. Habig, M. J. Pabst, and W. B. Jakoby, “Glutathione S-Transferases: the first 
enzymatic in mercapturic acid formation,” J. Biol. Chem., vol. 249, no. 22, pp. 
7130–7139, 1974. 
[34] Sigma-Aldrich, “Technical bulletin Enzymatic Assay of Superoxide Dismutase, 
1999.” 
[35] Sigma-Aldrich, “Technical bulletin UDP-Galactosyltransferase Assay Kit, 2007.” 
[36] J. H. Zar, Biostatistical Analysis. 1996. 
[37] V. Matozzo, A. Chinellato, M. Munari, M. Bressan, and M. G. Marin, “Can the 
combination of decreased pH and increased temperature values induce oxidative 
stress in the clam Chamelea gallina and the mussel Mytilus galloprovincialis?,” 
Mar. Pollut. Bull., vol. 72, pp. 34–40, 2013. 
Oxidative stress response on a coral reef fish enduring a sub-lethal exposure to cyanide in 
a warming ocean 
181 
[38] L. M. Vera and H. Migaud, “Hydrogen peroxide treatment in Atlantic salmon 
induces stress and detoxification response in a daily manner Hydrogen peroxide 
treatment in Atlantic salmon induces stress and detoxification response in a daily 
manner,” Chronobiology International, 33:5, 530-542, 2016. 
[39] D. C. Mathangi, R. Shyamala, R. Vijayashree, K. R. Rao, A. Ruckmani, R. 
Vijayaraghavan, and R. Bhattacharya, “Effect of Alpha-Ketoglutarate on 
Neurobehavioral, Neurochemical and Oxidative Changes Caused by Sub-Chronic 
Cyanide Poisoning in Rats,” Neurochem. Res., vol. 36, no. 3, pp. 540–548, Mar. 
2011. 
[40] K. Mustafa, S. Yusuf, U. Kazım, D. Muhammet, A. Sayit, Y. İrfan, and K. Halil 
İsa, “The effect of arsenic on some antioxidant enzyme activities and lipid 
peroxidation in various tissues of mirror carp (Cyprinus carpio carpio),” Environ. 
Sci. Pollut. Res., vol. 22, no. 5, pp. 3212–3218, Mar. 2015. 
[41] K. C. Hall and D. R. Bellwood, “Histological effects of cyanide, stress and 
starvation on the intestinal mucosa of Pomacentrus coelestis, a marine aquarium 
fish species,” J. Fish Biol., vol. 47, no. 3, pp. 438–454, 1995. 
[42] C. Oliveira, J. Almeida, L. Guilhermino, A. M. V. M. Soares, and C. Gravato, 
“Acute effects of deltamethrin on swimming velocity and biomarkers of the 
common prawn Palaemon serratus,” Aquat. Toxicol., vol. 124–125, pp. 209–216, 
2012. 
[43] T. S. Galloway, “Biomarkers in environmental and human health risk assessment,” 
Mar. Pollut. Bull., vol. 53, no. 10–12, pp. 606–613, Jan. 2006. 
[44] A. R. Lopes, K. Trübenbach, T. Teixeira, V. M. Lopes, V. Pires, M. Baptista, T. 
Repolho, R. Calado, M. Diniz, and R. Rosa, “Oxidative stress in deep scattering 
layers: Heat shock response and antioxidant enzymes activities of myctophid fishes 
thriving in oxygen minimum zones,” Deep. Res. Part I Oceanogr. Res. Pap., vol. 
82, pp. 10–16, 2013. 
 
Chapter 5 
 
5.7- Appendices 
 
Supplementary Figure 5. Tissue protein versus fish wet body weight  
182 
 
Chapter 5 
 
  
 
Supplementary Table 6. Statistical Analysis. 
 
  
183  
O
xidative stress response on a coral reef fish enduring a sub-lethal exposure to cyanide 
in a warm
ing ocean 
  
 
 
 
 
184 
 
Chapter 5 
  
 
 
 
 
 
185  
O
xidative stress response on a coral reef fish enduring a sub-lethal exposure to cyanide 
  
 187 
	
Chapter 6 
Final Remarks and Future Perspectives 
6.  
  
Chapter 6 
188 
6.1- Final Remarks 
The main goals of this Ph.D. thesis were to: 1) advance the state of the art on the subject of 
cyanide fishing, highlighting currently available detection methodologies and their 
potential use to detect illegally caught live coral reef fish using this destructive approach; 
2) confirm if fish illegally captured using cyanide poisoning was still being traded in the 
MOFT; 3) to clarify the effects of cyanide poisoning on coral reef fish swimming ability 
under present day thermal conditions of Indo-Pacific coral reefs and those foreseen for 
2100 [1]; 4) and to understand if cyanide poisoning, as well as ocean warming, are 
stressors that may trigger oxidative stress in coral reef fish species. Overall, the work 
presented provides: i) a comprehensive overview on cyanide fishing activity in the Indo-
Pacific region, as well as on the analytical methodologies currently available to identify 
live coral reef fish illegally collected using this poison; ii) the first survey confirming that 
fish displaying physiological evidence in line with cyanide poisoning are still present in the 
MOFT in EU countries; iii) an insight in how predicted ocean warming scenarios and 
cyanide poisoning impact the swimming performance and oxidative stress response of an 
emblematic Indo-Pacific coral reef fish species commonly present in MOFT. 
Chapter 2 summarized the major issues impairing the use of currently available detection 
methodologies for cyanide detection in live reef fish in a non-invasive and non-destructive 
way, while also pointing future research guidelines to overcome current bottlenecks. 
Chapter 3 presented a non-invasive and non-destructive method that allowed the 
identification of cyanide caught-fish currently traded in the European Community. This 
survey confirmed that despite the claims by the MOFT, cyanide fishing is still a real threat 
to Indo-Pacific coral reefs and reinforces the need of to develop a reliable and easy to use 
approach to allow field testing of collected live reef fish to prompt surveillance and help 
stopping cyanide fishing across the Indo-Pacific. The effects of ocean warming and 
cyanide pulse-exposure on the swimming performance and oxidative stress response of an 
important Indo-Pacific coral reef fish species (Chromis viridis) were evaluated in Chapters 
4 and 5. While Chapter 4 experimentally demonstrated that when combined, both 
stressors will severely affect the physiology and swimming performance of the fish tested, 
Chapter 5 reinforces the idea that both stressors may promote a stage of oxidative stress.  
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The present study shows that by failing to effectively ban cyanide fishing from coral reefs 
the destructive impacts of this illegal practice will be magnified in the warmer oceans of 
tomorrow. 
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6.2- Research questions 
The six research questions hypothesized in Chapter 1 are now answered in light of the 
results reported in the experimental Chapters (Chapters 2 to 5). 
1) Considering that the production of SCN- is the major detoxification pathway for 
CN- poisoning, can cyanide caught-fish be identified through SCN- detection? Is 
there any currently available and reliable methodology to identify cyanide caught-
fish? Can this detection be performed in a non-invasive and non-destructive way? 
Yes, fish illegally collected using CN- poisoning can be identified through the screening 
of SCN- as demonstrated in Chapters 2 and 3 (by Vaz, et al. [2] and Vaz et al. [3]); and 
Yes, a reliable non-invasive and non-destructive approach methodology can be employed 
to detect cyanide caught-fish (which is largely supported by the MOFT [4] – [7]). 
However, this methodology may not be the best approach for scaling up to be routinely 
employed for screening for live reef fish poisoned by cyanide, due the need to employ 
synthetic seawater (only) to perform individual fish depuration, the need to use HPLC 
(requiring highly trained staff), the need to coat the C30 column with polyethyleneglycol 
(PEG 5%) prior to its use,  and the low duration time of the coating expressed by the 
point in which the column needs to be once again modified to allow the reliable detection 
of SCN-. Indeed, the method employed in our study is likely only to be suitable for 
academic purposes, as it is not ideal to fulfil the needs displayed by the MOFT in terms 
of screening the screening/price tradeoff. Overall, we advocate that the focus of future 
studies should be on alternative non-invasive and non-destructive methodologies which 
may allow an easier and faster detection of the active excretion of SCN-, or other relevant 
metabolites, in natural seawater by fish poisoned by cyanide. 
2) Is there any reliable physiological evidence that cyanide caught-fish are still being 
traded by the marine ornamental industry? Yes, physiological evidence supported the 
claim that fish traded in the marine aquarium industry in EU countries still endure sub-
lethal levels of cyanide, as an active excretion of SCN- was detectable in the fishes 
screened in Chapter 3. 
3) Can pulse-exposure to sub-lethal concentrations of cyanide shift coral reef fish 
intrinsic abilities, such as swimming and respiration rates? Yes. As demonstrated in 
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Chapter 4, fish pulse-exposed to sub-lethal levels of cyanide displayed a lower swim time 
activity, accomplished a lower distance and speed, displayed more frequent opercular 
movements and revealed an increase in oxygen demand than fish stocked under control 
conditions (free of cyanide and acclimated at 26 °C). 
4) Can cyanide poisoning trigger physiological shifts in coral reef fish species by 
inducing oxidative stress? Most probably, yes. Indeed, an inhibition of all anti-oxidant 
enzymes activity by cyanide poisoning was observed in our experiment (mainly in the 
gills) and considering that fish pulse-exposed to sub-lethal levels of cyanide displayed a 
higher respiration rate and significant shifts in the oxygen metabolism (Chapter 4), it is 
possible that cyanide induces oxidative stress. However, we strongly suggest that further 
biomarkers studies enhancing the time post cyanide exposure and including 
complementary analysis (e.g. lipid peroxidation, protein carbonylation, etc.) should be 
made in this field to satisfactory answer this question. 
5) Can the effects of cyanide poisoning in coral reef fish be magnified by ocean 
warming? Yes, as in the experiments performed the combination of both stressors 
(pulse-exposure to cyanide poisoning and temperature increase) fish always displayed 
poorer swimming performances, followed by an increase in oxygen demand (respiration 
rates and opercular beets). There is no doubt that cyanide toxicity to C. viridis at the 
concentrations tested will be magnified under higher water temperature. 
6) How can cyanide fishing be stopped in the Indo-Pacific? As stressed along this 
Ph.D. thesis, cyanide fishing is a controversy subject surrounded by insufficient 
information and in need of rescue. Currently, no simple solution can be pointed as “the 
one” to stop this activity. To properly answer, many aspects must be taken into 
consideration, starting from the fisherman education about cyanide deleterious effects on 
the ecosystem, to the promotion of other fishing techniques (e.g. fishing by net). An 
efficient governmental surveillance followed by law reinforcements should also be 
adopted by all countries directly or indirectly evolved in this activity and, in our opinion, 
a proper MOFT market regulation associated to an ideal methodology to identify cyanide 
caught-fish permeate those processes. Finally, and despite all contributions in this Ph.D. 
thesis presented, because many constrains about the cyanide fishing subject remain open, 
this thesis enclosure suggesting future directions in this field.  
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6.3- Future perspectives  
From cyanide toxicokinetics on marine fish, to the detection of cyanide and its sub 
compounds in live fish through non-invasive and non-destructive approaches, there is still 
a large gap on relevant scientific information that is paramount to effectively stop cyanide 
fishing in the Indo-Pacific region. If on one hand poor governmental surveillance observed 
in Indo-Pacific countries exporting live reef fish to supply the MOFT still allows this type 
of destructive fishing practice, the main importing countries in the MOFT, such as the 
USA and EU countries, must enhance their surveillance and enforce the application of 
existing legislation (e.g., the Lacey-Act) [7].  
The following issues should deserve full attention on future efforts to fight cyanide fishing: 
- Foster research on cyanide toxicokinetics in marine fish so an in-depth understanding of 
poisoning and detoxification pathways is provided, along with the existence of potential 
species-specific differences. 
- Deliver to the MOFT and regulatory bodies surveying this activity a reliable, non-
invasive and non-destructive, fast, inexpensive and easy to operate detection method to 
screen for cyanide caught fish at a commercial scale. It is also recommendable to propose a 
portable equipment to facilitate its use in situ, in case of need.  
- The two main MOFT markets in the world, the USA and EU countries, should 
voluntarily allow the screening of newly imported specimens prior allowing their entrance 
in the country. This practice would allow to monitor wholesaler’s reliability, to verify the 
legitimacy of collectors/suppliers and their claims that solely cyanide free specimens are 
being supplied to the trade, as well as to suppress business with those who systematically 
delivery specimens testing positive for cyanide poisoning. In addition, the enterprises 
should provide accurate information about the species traded, the number of specimens, 
the market value, the acquired wholesaler and the cyanide testing result. Considering the 
MOFT market value, thus, is inadmissible that cyanide fishing species is still being traded 
under this market and no funding or interest for support research, as to combat this activity, 
has been observed.  
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- Finally, being recognized as important ambassadors that promote the conservation of 
marine species and ecosystem, public marine aquariums should implement mandatory 
screening programs of their own, or in partnership with other faithful organizations, to 
survey the reef fish they acquire prior to stocking them in their displays (as by doing so 
they will also be collaborating in the search for better screening methods, as well as to 
raise awareness on the general public on this destructive fishing method).  
In conclusion, to somehow mitigate the undesirable effects that ocean warming will have 
on Indo-Pacific coral reef fish populations, it is paramount to immediately stop cyanide 
fishing and therefore invest in innovative and reliable ways to fight this practice. Cyanide 
fishing is deadly for the reefs organisms of today and will only be deadlier for those 
dwelling in the warmer oceans of tomorrow. While cyanide free fish is not synonymous of 
sustainably collected fish, it can represent an import step towards the pathway of future 
sustainability in one of the most emblematic marine ecosystems of our planet - coral reefs. 
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